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Abstract
The earth is currently believed to be in the midst of a mass-extinction episode. Globally, 
approximately a quarter of mammal species are at risk of extinction. To prevent further 
degradation of mammals, it is important to understand what causes species to decline, 
and why some species seem to be more vulnerable than others.
Comparative studies in vertebrate taxa often find that a small geographic range size is a 
strong predictor of high extinction risk. I found that current range size in Australian 
mainland mammals is a response to previous threatening processes. Using current range 
size as a predictor of extinction risk is therefore circular. Models that include current 
range size also tend to underestimate levels of latent extinction risk (the discrepancy 
between a species’ current extinction risk and that predicted from its biological traits), 
giving misleading predictions of the species and regions with greatest potential for 
future species declines. Torpor has been associated with both raised and lowered 
extinction risk due to factors related to energetic efficiency and predation. I found that 
undertaking torpor reduces extinction risk in mammals, both overall, and specifically in 
groups threatened by predation.
Understanding causes of extinction on islands is critical as islands host endemic species 
and are refuges for many species now extinct on continents. I found that island mammal 
extinctions result from complex interactions of introduced predators, island geography, 
and prey biology. Most notably, extinction probabilities are lower on islands with both 
black rats and a larger introduced predator (cats, red foxes or dingoes), compared to 
islands with rats but no larger predator. One conservation implication of this is that 
eradication of introduced apex predators from islands could precipitate the expansion of 
black rat populations, potentially leading to extinction of native mammal populations.
Conservation now aims to preserve evolutionary history as well as species richness. 
Using a range of extinction scenarios, I modelled possible future phylogenetic diversity 
loss on Australia’s islands. Under all scenarios, islands in the east of the Bass Strait and
the north-east of Northern Territory seem to be centres of phylogenetic diversity loss.
As such, we recommend that these islands be prioritised for conservation consideration.
Body size is recognised as an important driver of extinction risk, with larger species 
being at higher risk globally. However, in Australia, it has been argued that “critical 
weight range” mammals (those between 35 and 5500g) are the most vulnerable to 
decline due to being the preferred prey size for the introduced predators, cats and red 
foxes. I examined whether Australia’s islands tend to have extinctions clustered around 
a body size significantly smaller or larger than expected by random, and discovered that 
approximately equal numbers of islands have significantly larger and smaller sized 
extinctions than expected. Significantly smaller sized extinction clusters predominantly 
occur in the southeast of Australia. Extinctions on islands with larger introduced 
predators tend to be biased towards mid-sized species, supporting the theory that foxes 
and cats can drive size-biased extinctions.
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Background
Species extinctions are a normal part of life on this planet. Nearly all species that have 
ever existed on the earth are today extinct (Cowlishaw & Dunbar 2000). However, in 
recent times extinction has occurred perhaps 100-1000 times more rapidly than the 
“normal” background extinction rate calculated from fossil records (Purvis et al.
2000b). No Animalia phylum is currently immune from decline (1UCN 2012). For 
example, more than half of all mammal species are presently suffering from decline, 
with approximately half of these species being considered at risk of extinction 
(Davidson et al. 2009). Non-human species hold an intrinsic value (O'Neill 1992,
O'Neil 2008), as well as providing direct benefits for humans. Human lives not only 
depend upon other species for energy through food but are also enriched by other 
species. For example, fauna and flora provide economic benefits through processes such 
as tourism (e.g. Reynolds & Braithwaite 2001), as well as improving human mental 
health (Melson & Fine 2006). Extinction of species not only results in a loss of genetic 
diversity and biodiversity but can also affect the balance of the local ecosystem, which 
can result in the decline of other species (e.g. Duffy 2003, Dyer & Letourneau 2003).
For all these reasons, it is imperative that we try to minimise extinctions.
Australia is the earth’s only continent with representatives of all three major divisions 
of mammals -  the marsupials, placentals and monotremes. Approximately 300 diverse 
species of terrestrial mammals live in Australia, most of which are endemic (IUCN 
2012). Apart from the egg-laying monotremes, native mammals include marsupials 
ranging in size from under 10g (e.g. the Tasmanian pygmy possum Cercartetus 
Lepiclus) to over 85kg (male red kangaroos Macropus rufus) as well as eutherian 
rodents and bats. Australian native mammals have adapted to live in a wide range of 
habitats, from winter snow-covered alps to deserts and tropical rainforests. They also 
display great diversity in ecology. For example, Lumholtz’s tree kangaroo Dendrolagus 
lumholtzi lives an arboreal life in tropical rainforest, eating mainly leaves and fruit 
while the carnivorous quolls live at ground level, utilising underground burrows, and 
the greater stick-nest rat Leporillus conditors natural habitat is semi-arid zones where it 
creates a large nest out of sticks (Van Dyck & Strahan 2008).
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Australia has had the greatest number of mammal extinctions of any country in the last 
two centuries (Baillie & Hilton-Taylor 2004). Over a quarter of the world’s mammal 
extinctions during this time have occurred in Australia (McKenzie & Burbidge 2002, 
McKenzie et al. 2007). Twenty-two native Australian mammal species are now extinct, 
including both marsupials and rodents. Mammals that have gone extinct in Australia 
include the thylacine (Thylacinus cynocephalus), the pig-footed bandicoot (Chaeropus 
ecaudatus) and the crescent nail-tailed wallaby (Onychogalea lunata). A further eight 
species that were once present on the mainland remain only on offshore islands, and 
many other species have suffered decline. Nearly a third of Australia’s mammal species 
exist in fewer than half the number of bioregions they inhabited two centuries ago, with 
39 species believed to exist in fewer than a quarter of the bioregions they previously 
occupied (Burbidge et al. 2008). The population density of many species is also 
believed to be much lower than it was previously (Dickman 2007, Burbidge et al.
2008). While unfortunate, these kinds of statistics make Australia a powerful case study 
in extinction risk studies.
Extinctions tend to be driven by the anthropogenic-caused “evil quartet’’ - hunting, 
habitat loss, introduced species and co-extinctions (Diamond 1989). Australian mammal 
extinctions are no exception to this rule, with each of these four processes likely to have 
caused mammal decline, e.g. the extinction of the thylacine (Thylacinus cynocephalus) 
is believed to have been driven by hunting. However, the major contributor to mammal 
extinctions in Australia is believed to be introduced species, especially predators 
(Johnson 2006). Species often react differently to the same threats though -  what drives 
one to near extinction may not cause significant decline in another. Understanding why 
this occurs is necessary to prevent further decline in threatened native mammals.
There are two basic approaches to the study of extinction risk -  (1) the intensive 
examination of the population dynamics, ecology and specific threats of a single 
species, and (2) investigating general patterns of decline across a large number of 
species using comparative methods. The intensive, field-based study of single species is 
important for conservation actions that focus on particular species. However, only large- 
scale comparative studies can uncover the general patterns of extinction risk that help
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answer the question of why some species seem to be more extinction-prone than others, 
even when faced with the same kinds of threats (Fisher & Owens 2004, Purvis et al. 
2005). Many intrinsic and external factors have been found to be significant correlates 
of extinction risk in univariate tests (e.g. body size in Burbidge & McKenzie 1989, and 
Cardillo & Bromham 2001). However, it is important to also do multivariate tests of 
extinction risk, as extinction is a complex process. It can be due to a multiple processes 
acting independently (Fisher et al. 2003, Cardillo et al. 2004) and/or interactively, e.g. a 
species’ response to external pressures may be affected by the climatic conditions 
within its distribution (Purvis et al. 2005). Multivariate studies, unlike single variable 
studies, examine the intercorrelations and interactions between different variables as 
well as the independent effects of each variable. Multivariate studies contribute to an 
understanding of the underlying drivers of species declines, as well as allowing the 
identification of species with characteristics that may make them vulnerable. Potential 
future declines can thus be anticipated and prevented (Cardillo et al. 2006, Purvis 2008, 
Davidson et al. 2009). Understanding general drivers of extinction risk can also allow 
predictions of individual species’ extinction risk from current knowledge of their 
ecological traits. This allows the extinction risk of data-deficient species (which do not 
have officially assigned extinct risk values) to be predicted, so that threatened, data- 
deficient species can receive the conservation help they need to survive (Morais et al 
2013).
Species extinction is non-random with respect to phylogeny and geography (McKinney 
1997, Russell et al. 1998, Cardillo et al. 2006, Bielby et al. 2008). Certain phylogenetic 
groups are more likely to decline than others, even within small geographic areas, 
indicating that extinction risk is affected by species’ biological traits and inherited 
vulnerabilities. Large body size is one intrinsic characteristic that has often been 
suggested to raise the risk of extinction in mammals (Pimm et al. 1988, Cardillo 2003, 
Cardillo et al. 2005). This is believed to be due to the corresponding slower life history 
that results in slow population growth as well their tendency to exist at lower population 
densities (Fenchel 1974, Damuth 1981). This makes it harder for populations to return 
to sustainable levels after decline (Pimm et al. 1988). As well as this, numerous drivers 
of extinction risk tend to affect large animals more than small, e.g. hunting
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(Jerozolimski & Peres 2003). Unevenness in species decline over geographical area 
demonstrates that external pressures as well as intrinsic traits affect the likelihood of a 
species going extinct (Cardillo et al. 2006). An example of an extrinsic factor that is 
believed to result in higher extinction risk is presence of introduced species (Johnson 
2006, Davies et al. 2008). Introduced species compete with natives for resources and 
spread disease (Harris 2009, Stokes et al. 2009). Introduced predators also prey on the 
native species while introduced herbivores destroy habitat through grazing, resulting in 
decline in native species (Morton 1990, Johnson 2006). The extinction risk of a species 
can therefore be regarded as a result of how a species' biology allows it to cope with 
external pressures, which are primarily placed upon it by human activity (see Figure 1: 
Cardillo et al. 2006).
Extinction risk external threats + biology + environmental setting
threats*biology + threats*environment.
Figure 1. Components of extinction risk
Comparative models
Comparative extinction-risk models suffer from a number of statistical challenges. 
These include the need for information on phylogenetic relationships among species to 
account for phylogenetic non-independence (Cardillo et al 2005), the high frequency of 
missing values typical of sizeable comparative datasets, the need to handle a large 
number of putative predictor variables, and the question of the best way to measure the 
extinction risk response variable. These four factors serve to complicate the model­
fitting process and reduce confidence that the final models obtained provide a reliable 
indication of the drivers of extinction (Purvis et al 2000a; Fisher et al 2003; Cardillo et 
al 2008).
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The shared evolutionary history of species can drive spurious findings of the drivers of 
extinction risk if models do not control for phylogenetic non-independence. This is 
because species that are closely related often share more traits that less-related species, 
and these shared traits can misleadingly be related to extinction if the phylogenetic non­
independence is not controlled (Freckleton 2009). There are two main methods used to 
control for phylogenetic non-independence - phylogenetic independent contrasts (PICs) 
and phylogenetic generalized least squares (PGLS). PICs control the non-independence 
of related species through the strict use of Brownian motion (Felsenstein 1985) while 
PGLS allows the trait evolution model to be changed through relaxing the strict 
Brownian motion. PGLS thus allow both recognised and unrecognised phylogeny to be 
controlled while PICs only control for recognised phylogeny (Grafen 1989). To ensure 
that the extinction risk drivers identified in this thesis are statistically robust, I use the 
most established method, PICs, to control for phylogenetic non-independence where 
possible (Bielby et al 2010). PICs can not be used where there are more than one 
population of an individual species (unless information is available on genetic 
differentiation between the populations). In analyses that have more than one population 
of a particular species, I use Generalized Linear Mixed Models (GLMMs). These allow 
for the partial control of phylogenetic non-independence among populations by 
including taxonomic level (species, genus, family, and order) as nested random 
grouping factors in models.
The missing data problem has previously been managed by using a form of multiple 
imputation to estimate missing values before fitting models (Fisher et al 2003). 
However, the use of current imputation methods may have undesirable effects on the 
accuracy of the models given no existing multiple imputation algorithms can deal 
appropriately with the hierarchical phylogenetic structure of a comparative dataset 
(Cardillo et al 2008). A widely used method to deal with the problem of searching a 
vast model space under the constraint of an incomplete dataset is Purvis et aVs (2000) 
heuristic approach (e.g. Cardillo et al 2006; Cardillo et al 2008). However, this strategy 
can result in very different final models due to following disparate model-fitting 
pathways. Given that alternative models may fit the data nearly as well, searching for a 
single best-fitting model implies a level of confidence in that single result which is often
6
Chapter 1
not deserved (Johnson & Omland 2004; Whittingham et al 2006). This is a potentially 
serious issue if comparative extinction risk models are used for predictive purposes.
The approach in this thesis is based on combining stepwise model-fitting with model 
ranking and averaging (Johnson & Omland 2004). Stepwise model-fitting has been 
criticized (Whittingham et al 2006; Garamszegi et al 2009), but when the number of 
putative predictor variables is large, it is impossible to fit and compare all, or even a 
plausible set, of models. Hence, some kind of algorithmic procedure is needed to 
narrow down the list of candidate models for subsequent parameter averaging. To do 
this I use the heuristic search strategy of Purvis et al (2000a), but rather than retaining a 
single “best” model, I combine the results of multiple models. The resulting consensus 
model provides statistically more robust parameter estimates for subsequent predictive 
use. I also use decision trees in combination with the above analyses. Decision trees 
have different, complementary strengths to the above analyses, as they do not control 
for phylogenetic non-independence but are effective at recognising complicated 
interactions between large numbers of variables (Bielby et al 2010). Structural equation 
models can also be used to examine causal pathways to extinction through both path 
and factor analyses (Lee & Jetz 201 1). However, decision trees are more effective at 
untangling relationships between multiple variables. Given the large number of 
variables included in my dataset, I use decision trees to get the most robust outcomes.
Extinction risk threat levels, such as those given to species by the IUCN (2001), tend to 
undergo an ordinal transformation into the response variables for comparative 
modelling of extinction risk. This assumes that the IUCN threat categories are discrete 
units of a continuous variable (Purvis et al 2000a). However, the level of threat between 
different classes does not increase in a linear fashion. The threat level data are not 
distributed normally, nor are they totally continuous (Isaac et al 2009). However, the 
majority of work on extinction risk uses the IUCN threat classes transformed into an 
ordinal scale (e.g. Purvis et al 2000a; Cardillo et al 2006; Cardillo et al 2008). This 
transformation gives a response variable that is analytically tractable, allowing 
phylogenetic independent contrast models to be used. Other measures of risk tend to 
correlate well with the ordinally transformed IUCN values (e.g. Isaac et al 2009).
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Different methods exist that can use different types of response variables, e.g. 
phylogenetic generalised least squares regressions can use a continuous response 
variable (Grafen 1989). However, to increase the comparability of this work, and add to 
the body of conservation knowledge that is already present through use of comparative 
methods, I use ordinally transformed IUCN threat categories as a response variable 
when examining extinction risk drivers on the Australian mainland.
Thesis chapters
In my thesis, I address broad-scale conservation-focused questions using the mammal 
assemblages of the Australian mainland and Australian islands as case studies. A small 
range size has consistently been connected to a high chance of extinction (Cardillo et al. 
2008). However, given that many species are regarded at being at risk due to their small 
range size, or factors that are correlated with a small range size, such as small 
population size (IUCN 2001), this finding could be circular. In Chapter 2 ,1 examine 
whether small range size is related to high extinction risk using current and original 
range sizes of Australian mainland mammals. Examining the differences between 
extinction risk models found using these different range sizes helps uncover whether 
high extinction risk is related to original range size as well as current size, in which case 
extinction is driven by range size, or whether the finding is potentially circular if high 
extinction risk is only related to current range size. Using these extinction models, I 
predict areas and species with high latent risk (the discrepancy between a species’ 
current extinction risk and that predicted from its biological traits: Cardillo et al. 2006) 
to determine areas where pro-active conservation should be focused, and also examine 
whether the use of current or historic range size changes these predictions.
Torpor has been connected to both elevated and lowered extinction risk -  elevated due 
to the believed higher chance of falling prey to predation while in torpor (Armitage 
2004), and lower due to the reduced amount of energy and water required (Geiser & 
Kortner 2010). Recently, it has been suggested that undertaking torpor is also a defence 
against predation, as undertaking it reduces the amount of time spent in the open
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foraging (Geiser & Kortner 2010, Stawski & Geiser 2010). In Chapter 3 ,1 present the 
first thorough, phylogenetically-controlled study on whether torpor is related to higher 
or lower extinction risk in mammals, and whether it is associated with other factors 
known to relate to extinction, such as body size (Cardillo 2003). I also examine whether 
torpor is positively or negatively related to chance of survival in mammals threatened 
by predation, or whether torpor is only advantageous in areas of unpredictable or 
limited food and water.
Introduced predators are a major cause of decline in mammals, and are probably the 
most important agent of decline in Australian mammals (Johnson 2006). However, 
recent work shows that predators at different levels of the ecosystem interact with each 
other. Theoretical work demonstrates that apex predators can control populations of 
mesopredators (Courchamp et al. 1999), which can aid survival of prey species due to 
reducing the pressure on them from the mesopredators. Recent work has also 
demonstrated that dingoes can suppress populations of smaller introduced predators in 
Australia (Letnic et al. 2012). In Chapter 4 ,1 examine whether the presence of 
introduced predators on islands always drive extinction in native mammals or whether 
there are circumstances in which introduced predators can aid survival of native 
mammals. I also examine the roles that island biogeographic factors and native 
mammals’ life history factors play in extinctions on islands.
Conserving both phylogenetic diversity (the differences in evolutionary history between 
species: Faith 1992) and species richness can help to maintain the earth’s biodiversity. 
This is especially important on islands, which often host populations of endemic species 
as well as species that have gone extinct on mainlands. For these reasons, islands may 
contain larger amounts of phylogenetic diversity than expected from their species 
numbers. In chapter 5 ,1 model predicted phylogenetic diversity loss from Australia’s 
islands under a range of scenarios. Scenarios include overall island drivers of extinction, 
as well as whether different processes drive the mammal extinctions on the Northern 
Territory’s islands. This is necessary as substantial mammal declines have recently 
occurred in the Top End of the Northern Territory (Woinarski et al. 2010), and it has
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been discovered that marsupial decline in the north and south of Australia are driven by 
different factors (Fisher et al. 2013).
Finally, in Chapter 6,1 examine whether extinctions on islands are random in regards to 
body size or whether there is a pattern of extinctions being biased towards a larger or 
smaller size than would be expected by random chance. Globally, a larger body size is 
related to higher extinction risk both for mammals overall (Cardillo 2003, Cardillo et al. 
2005), and for particular mammal groups such as carnivores (Purvis et al. 2000a, 
Cardillo et al. 2004) and primates (Purvis et al. 2000a). However, in Australia it has 
been argued that mid-sized mammals between 35 and 5500g (the “critical weight 
range”: CWR) are the most extinction prone (Burbidge & McKenzie 1989, Johnson & 
Isaac 2009, Chisholm & Taylor 2010). This is believed to be due to CWR mammals 
falling within the preferred prey size range for introduced red foxes and cats (Burbidge 
& McKenzie 1989, Johnson & Isaac 2009). I examine whether Australia’s islands 
demonstrate extinction size bias that is significantly different to random as well as 
determining whether extinctions are occurring in the CWR more frequently than 
expected. I then try to determine drivers of significantly larger or smaller extinction size 
clusters through examining relationships between these clusters, and island 
biogeographic characteristics and presence of different predators on the respective 
islands. I also examine whether introduced predators (including cats and red foxes) 
drive CWR extinctions.
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Abstract
Comparative studies of extinction risk in vertebrate taxa often find that a small 
geographic range size is the strongest predictor of a high rate of species decline. This 
suggests that narrowly distributed species are more vulnerable to human impacts, which 
may have implications for the predictive use of comparative extinction-risk models in 
conservation planning. However, this association is potentially circular because many 
species that have suffered substantial declines now have small geographic ranges, 
making it difficult to separate the role of range size as a predictor of extinction risk from 
its role as a response to human impact. Here we use data for Australian mammals to 
compare models of extinction risk that include current geographic range size with 
models that include historic range sizes reconstructed for the period before European 
settlement. We find that current range size is a strong predictor of a species’ IUCN Red 
List classification. However, when historic range sizes are used, range size is non­
significant and life-history traits assume primary importance in the model. Models that 
include current range size also tend to underestimate levels of latent extinction risk (the 
discrepancy between a species’ current extinction risk and that predicted from its 
biological traits), giving misleading predictions of the species and regions with greatest 
potential for future species declines. The results suggest that there is circularity in the 
use of current range size to predict rates of species decline, and that species with 
inherently small distributions are not necessarily the most vulnerable to human impact.
Keywords: geographic range size; latent extinction risk; comparative models; IUCN 
Red List
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1. Introduction
Nearly a quarter of the world’s mammal species are threatened with extinction (IUCN 
2009), with the distribution of threatened species being non-random with respect to 
geography and phylogeny (Davies et al. 2008; McKinney 1997; Purvis et al. 2005; 
Russell et al. 1998). Species declines are driven by external threatening processes such 
as habitat loss or introduced predators (Davies et al. 2008), and this is reflected in 
geographic variation in the distribution of threatened species. At the same time, certain 
phylogenetic groups are more likely to contain threatened species than others, even 
within the same geographic regions, suggesting that extinction risk is also affected by 
heritable biological traits. For example, top carnivores may be more vulnerable because 
their populations tend to be smaller and they are sensitive to declines in prey 
populations (Carbone and Gittleman 2002), while mammals with long gestation periods 
may be more susceptible to decline because they have slow population growth 
(Gittleman 1993). The extinction risk of a species can therefore be regarded as the result 
of exposure to external threatening processes, mitigated or exacerbated by intrinsic 
biological traits (Cardillo et al. 2005; Fisher et al. 2003).
Although intensive field-based studies of single species remain the cornerstone of 
conservation biology, multispecies comparative studies can uncover the general patterns 
of extinction risk that can help explain why some kinds of species seem to be more 
extinction-prone than others (Cardillo and Meijaard 2011; Fisher et al. 2003). 
Comparative models of extinction risk involving hundreds of species have been used to 
obtain a clearer picture of the broad patterns of extinction risk, and to draw conclusions 
about the external and intrinsic drivers of species declines in a range of taxa (e.g. 
Cardillo et al. 2005; Davies et al. 2008; Jones et al. 2003; Owens and Bennett 2000). 
Further, comparative models have been used to project species declines into the future 
in an attempt to predict the species and geographic regions likely to warrant future 
conservation attention (Cardillo 2006; Cardillo et al. 2006; Cardillo et al. 2004).
In comparative studies of extinction risk in mammals, the one factor most consistently 
and strongly associated with high extinction risk has been a small geographic range
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size. Small range size has been linked to higher rates of species decline across mammals 
generally (Cardillo et al. 2008), as well as within particular mammal subgroups 
including carnivores and primates (Purvis et al. 2000) and megachiropteran bats (Jones 
et al. 2003). Small range size has also been associated with high risk in non-mammal 
taxa, including birds (Lee and Jetz 2011) and amphibians (Murray and Hose 2005). 
Many of these studies have used analysis methods that attempt to avoid potential 
circularity by considering only threatened species listed under criterion A of the IUCN 
Red List (IUCN 2010), which is based on rates of decline rather than absolute range or 
population size (e.g. Cardillo et al. 2003; Cardillo et al. 2008; Cardillo et al. 2005; 
Cardillo et al. 2004; Jones et al. 2003; Price and Gittleman 2007; Purvis et al. 2000). 
Nonetheless, concerns about circularity remain. Most of the geographic range estimates 
available for mammal species represent current distributions that, for species that have 
undergone severe declines, are often substantially smaller today than in the past (IUCN 
et al. 2008; Sechrest 2005). Hence, it is difficult to disentangle the role of range size as 
a biological predictor of extinction from its role as a response to species decline.
Historic geographic ranges reconstructed for a period before the onset of severe human 
impact may be a better reflection of species' "natural" distributions, that are the product 
of climatic tolerances, habitat requirements and interactions with other species (Brown 
and Lomolino 1998; Gaston 2009; Munguia et al. 2008). It could be argued, therefore, 
that using historic rather than current ranges in comparative analyses should provide a 
more accurate picture of the role of range size as a predictor of extinction risk across 
species. For Australian mammals, a recently constructed database of species’ pre- 
European distributions, based on historic records, indigenous knowledge and subfossil 
data (Burbidge et al. 2008) permits such an analysis. Many Australian mammal species 
have suffered severe declines and now occupy ranges that are a tiny fraction of their 
ranges only a century ago, making this a good case study for the comparison of current 
and historic range sizes.
As well as the uncertain role of range size, a further issue with comparative studies of 
extinction risk is the incompleteness of large comparative datasets, which usually 
contain numerous missing values. One previous study dealt with this by using multiple
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imputation methods to generate a complete "pseudo-dataset" (Fisher et al. 2003). More 
commonly, studies apply a heuristic approach to searching model space first used by 
Purvis et al (2000). However, this strategy can follow alternative model-fitting 
pathways that may arrive at a large number of very different final models. Searching for 
a single best-fitting model implies a level of confidence in that single result which is 
often not deserved, as alternative models may fit the data nearly as well (Johnson and 
Omland 2004; Whittingham et al. 2006). This is a potentially serious issue if 
comparative extinction risk models are used for predictive purposes.
In this study, we present a comparative analysis of extinction risk for Australian 
mammals that attempts to address the two issues described above. To address the 
geographic range issue, we compare models that use current range size as a predictor 
variable with those that use reconstructed historic range sizes from the database of 
Burbidge et al (2008). To address the missing data issue, we use an approach to fitting 
comparative models based on model ranking and averaging (Johnson and Omland 
2004). We apply the heuristic search strategy of Purvis et al (2000), but rather than 
retaining a single “best” model, we combine the results of multiple models. The 
resulting consensus model provides statistically more robust parameter estimates for 
subsequent predictive use as well as indicating which variables carry the most weight in 
their relationship with extinction risk.
In addition to comparing the results of comparative extinction risk models, we use the 
models to calculate latent extinction risk, the discrepancy between a species’ current 
extinction risk and its risk predicted from biological traits (Cardillo et al. 2006). A 
positive latent risk value suggests that a species is currently less threatened than its 
biology would indicate, and could rapidly become more threatened if external threat 
levels increase. We examine the geographic distribution of average latent risk to 
identify the regions of greatest potential future mammal declines, and we examine the 
influence of using historic versus current range size on these predictions.
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2. Material and methods
2.1. Datasets
As a measure of extinction risk for use with phylogenetically independent contrasts, we 
converted the species’ Red List extinction risk ratings (IUCN 2009) into a numerical 
index (least concern = 0, near threatened = 1, vulnerable = 2, endangered = 3, critically 
endangered = 4, extinct in the wild/extinct = 5), following Purvis et al. (2000). Given 
that 85% of Australia’s terrestrial mammals are endemic (State of the Environment 
2011 Committee 2011), and the range outside Australia tends to be small for non­
endemic species, it is likely that global extinction risk classifications are, on the whole, 
an accurate reflection of extinction risk within Australia. Species listed as threatened for 
reasons other than population or geographic range decline rates (criterion A of the Red 
List: IUCN 2001), such as small geographic range (criterion B of the Red List) or small 
population size (criteria C and D of the Red List) were excluded from model-fitting 
(Purvis et al. 2000) to minimize this source of circularity and for consistency with 
previous comparative studies using the Red List. Species listed as data deficient were 
also removed. The resultant database consisted of 172 (out of an initial 235) marsupial, 
rodent and monotreme species.
As putative predictors of extinction risk we used a set of biological variables from the 
PanTheria database (Jones et al. 2009), with some missing values filled by searching the 
recent literature (see Appendix for the full list). We added data on nesting level, as 
follows: 1 = below ground, i.e. burrows, soil cracks, caves and/or rock fissures; 2 = both 
below ground and on ground level nests; 3 = ground level; 4 = both ground level and 
tree hollows; and 5 = tree hollows, tree canopy and/or tree branches. We assigned each 
species to at least one of the following broad habitat classifications: desert (including 
sand and gibber plains); rocky, including scree; heathland; scrubland/shrubland, 
including mallee; grassland, including sedgeland; woodland, including mulga; forest -  
sparse understory; forest, general; forest -  dense understory; rainforest; 
swamp/mangrove; and permanent water bodies.
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Both past and current range sizes were recorded for each species. Range sizes were 
based on the species’ historical (pre-European settlement) and current presence in each 
of the 85 bioregions of the Interim Biogeographic Regionalisation for Australia (IBRA) 
(Burbidge et al. 2008: see Figure 1), with range being an estimate of the “extent of 
occurrence” (IUCN 2010) rather than area of occupancy (Burbidge et al. 2008; IUCN 
2010). Burbidge et al. (2008) estimated historical distributions using a combination of 
evidence from oral history and indigenous knowledge, museum specimens, published 
data, and subfossil data; vagrant records were not included. Burbidge et al (2008) give 
an estimate of the current status of each species within each bioregion, as follows: E = 
extinct, SD = severe decline (>90%), D = decline (50-90%), P = persists (still occupies 
>50% of historical range within bioregion). To estimate historic range size for each 
species we simply summed the areas of bioregions formerly inhabited by the species. 
The current range size for each species was calculated by summing the areas of 
bioregions historically inhabited after adjusting for range decline. Thus, the area of each 
bioregion historically inhabited by a species was multiplied by zero where the species' 
status = E, by 0.1 where the status = SD, by 0.5 where the status = D, and by one where 
the status = P. This provides a crude estimate of range sizes, but we chose to calculate 
current ranges in this way rather than directly from maps of current distribution for 
comparability with historic ranges. Furthermore, we feel that greater precision in range 
size estimates would not necessarily provide greater accuracy, given the difficulty and 
uncertainty of estimating species range boundaries for many Australian mammal 
species (Jimenez-Alfaro et al. 2012). However, to test whether this way of estimating 
range size is likely to have influenced the results, we also ran models using current 
range sizes estimated from distribution maps (IUCN 2011; Jones et al. 2009).
2.2. Constructing comparative models
We constructed extinction risk models from the set of biological variables, using the 
CAIC library (Orme et al. 2009) in R (R Development Core Team 2009) to implement 
multiple regression on phylogenetically independent contrasts. We chose independent 
contrasts (Felsenstein 1985) over tree-based methods such as decision trees (Davidson 
et al. 2009; Hothorn et al. 2006, 2009; Murray et al. 2011), because they provide more
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precise predictions of extinction risk, and unlike tree-based methods they deal with 
pseudoreplication due to phylogenetic non-independence (Bielby et al. 2010). The 
mammal phylogeny used to calculate contrasts was the supertree of Bininda-Emonds et 
al (2007), updated to the most recent mammal taxonomy (Fritz et al. 2009). The 
supertree contains many polytomies; the “crunch” algorithm in CAIC deals with these 
by dividing the subclade descending from a polytomy into two subgroups and 
calculating a contrast using an arbitrary internal branch length (Orme et al. 2009).
The basic procedure for model-fitting was to simplify from the full set of predictor 
variables to a minimum adequate model (MAM: Crawley 2002). All predictors were 
tested as linear terms, with body mass also being tested as a quadratic variable to test for 
the possibility of a critical weight range effect, whereby mammal species of 
intermediate body mass may be more susceptible to extinction (Burbidge and McKenzie 
1989). Interactions between variables were also tested. Given the large number of 
putative predictors it was impossible to test all possible combinations of predictors. We 
therefore used a stepwise heuristic procedure (Purvis et al. 2000) to search model space 
as systematically and extensively as possible. Each model search was begun with a 
starting set of predictors, chosen to avoid including strongly collinear predictors in the 
same model. To proceed from a starting set to a MAM, we sequentially removed 
predictors with the highest p-value, re-testing the model at each step, until all predictors 
contributed significantly to model variance with p<0.05. We then added each previously 
dropped predictor back into the model, one at a time, and retested the model for 
significance. The variables in our dataset vary in completeness of species coverage, 
resulting in different predictor starting sets representing different numbers of species, 
and hence different model degrees of freedom. MAMs were regarded as statistically 
acceptable only if degrees of freedom were at least 20, or five times the number of 
predictors. The model-fitting procedure was run twice, using current and historic range 
size as one of the starting set of predictor variables. In this way, we arrived at numerous 
alternative MAMs consisting of different sets of significant predictors of extinction risk, 
for each of the two different data subsets.
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2.3. Model Ranking and Averaging
We ranked all MAMs (separately for each data subset) using the Akaike Information 
Criterion (which measures goodness of fit of statistical models: Akaike 1974) corrected 
for small samples (AICc: Hurvich and Tsai 1989). We then calculated an Akaike weight 
for each model by normalising the model’s likelihood value (which takes into account 
the difference between the minimum AICc in the set and the relevant model’s AICc: 
Burnham and Anderson 2002; Johnson and Omland 2004), ranked models by Akaike 
weight, and constructed a consensus model from the models accounting for the top 
99.99% of model weight of evidence (Burnham and Anderson 2002; Johnson and 
Omland 2004). We constructed the consensus model by multiplying the coefficient of 
each factor in each model by the model's Akaike weight, then summing the weighted 
coefficients to produce a set of model-averaged coefficients (Burnham and Anderson 
2002; Johnson and Omland 2004; Stanley and Burnham 1998; Whittingham et al.
2006). The consensus model thus provides an indication of the factors most strongly 
associated with extinction risk, which is less dependent on the particular choice of 
starting predictors, and the outcome of an individual run of the heuristic search 
procedure, than a single best-fitting model. Relative importance of each variable was 
determined by summing the weights of all models included in the top 99.99% of model 
weight of evidence in which the variable was present (Johnson and Omland 2004).
2.4. Calculating latent extinction risk
To calculate latent extinction risk, the discrepancy between a species’ current extinction 
risk and its risk predicted from biological traits (Cardillo et al. 2006), we first used the 
consensus extinction-risk models based on phylogenetically independent contrasts (see 
section 2.3) to identify the set of important predictors in a way that avoids 
pseudoreplication due to phylogenetic signal (Cardillo et al. 2006). The intercept of a 
regression on independent contrasts is meaningless and is usually not estimated 
(Garland Jr et al. 1992; Legendre and Desdevises 2009). Since the intercept is needed to 
obtain fitted values of extinction risk, we fitted standard, nonphylogenetic regressions 
using the sets of predictors identified using independent contrasts and used these to
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extract fitted values of extinction risk for the set of species with data values for all of 
these predictors (Cardillo et al. 2006; Cardillo et al. 2004). We chose to use this 
approach rather than an alternative (such as phylogenetic generalised least squares) to 
maintain comparability with previous studies (e.g. Cardillo et al. 2006). We calculated 
a latent risk value for each of these species by subtracting the species’ current extinction 
risk value from its fitted value. To examine the geographic distribution of latent 
extinction risk, we calculated (1) the average of the positive latent risk values for the 
species found within each bioregion, and (2) the number and proportion of species in 
each bioregion with a latent risk value >0.5. We acknowledge that there is some 
possibility that latent risk values based on fitted values from non-phylogenetic 
regressions may be biased, if slope estimates are influenced by phylogenetic 
pseudoreplication. However, we feel that any such biases are likely to apply to all 
species, and therefore should not be a major problem for the use of latent risk values to 
rank species for conservation prioritization purposes.
3. Results
3.1. Models including current and historic range sizes
Among 14 MAMs found when using the 25 variables in the current range size dataset 
(see Appendix), there were two nearly equal top models that carried 50.29% and 
49.65% of the total model weight, respectively. A consensus model was constructed 
from the four best models, which accounted for 99.99% of the total model weight. 
Significant factors (Table la) consisted of current range size, weaning age and sexual 
maturity age. Current range size was clearly the most important variable, appearing in 
every one of the four best models (relative variable importance =1). Results were 
similar when we used range size values estimated from species distribution maps. In 
these models, range size, weaning age and sexual maturity were also found to be 
significantly associated with extinction risk, with current range size being present in all 
top models.
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Table 1. Extinction risk consensus models, with predictors arranged in order of relative 
importance, (a) models based on current geographic range size; (b) models based on 
historic geographic range size.
(a)
Predictor Model-
averaged
coefficient
95% Confidence 
interval
Relative
importance
Current range 
size
-0.259 -0.303,-0.215 1.000
Weaning age -0.244 -0.360,-0.128 0.503
Sexual maturity 
age
-0.191 -0.296,-0.085 0.497
(b)
Predictor Model-
averaged
coefficient
95% Confidence 
interval
Relative
importance
Adult body mass 1.475 1.326, 1.624 0.993
Sexual maturity 
age
1.762 1.587, 1.937 0.972
Adult body mass 
and sexual 
maturity age 
interaction
-0.255 -0.316,-0.194 0.964
Using historic range sizes, we recovered 11 MAMs from the 25 variables in the historic 
range size dataset (see Appendix); the best model accounted for 96.4% of model weight 
of evidence. We constructed a consensus model using the five MAMs that accounted 
for 99.99% of the model weight. The consensus model (Table lb) includes three 
predictors (adult body mass, age of sexual maturity, and the interaction between adult
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body mass and age of sexual maturity). Historic range size was not a significant 
predictor of extinction risk. The relative importance of all significant predictors is 
almost identical, reflecting the dominance of the single best-fitting model.
3.2. Latent extinction risk
Latent extinction risk can be calculated only for those species with data values for the 
predictor variables included in the models based on current and historic range sizes (93 
and 100 species, respectively). Using current range sizes, 58 species had a positive 
latent risk value and so are currently less threatened than would be expected from the 
traits identified as important in the extinction-risk models, while 25 had negative latent 
risk, suggesting they have already suffered decline beyond what might be expected from 
the traits identified as important in the extinction-risk models. When historic range sizes 
were used, 70 species had a positive latent risk value while 30 had negative latent risk. 
Leadbeater’s possum (Gymnobelideus leadbeateri) had the lowest latent extinction risk 
when using both current and historic range sizes (-2.3 and -2.6 respectively), suggesting 
this species is already more threatened than would be expected from its biology. The 
highest latent risk values were 1.03 for the long-tailed pygmy possum (Cercartetus 
caudatus) using current range sizes, and 0.8 for the northern brown bandicoot {Isoodon 
macrourus) using historic range sizes (Table 2.a and b).
Figures 1 and 2 show the distribution of latent risk among bioregions, based on the 
consensus models including current and historic range sizes. For current-range models, 
the mean of positive latent risk values for species within each region (Figure 1 .a) shows 
a clear geographic pattern, with highest values in Tasmania and mesic southern 
Australia, and lowest values for the arid zone of the inland and west coast. Historic- 
range models provide a similar picture of low latent risk in the arid zone (Figure 1 .b), 
but give estimates of mean latent risk that are slightly higher than the current-range 
models, particularly for northern Australia. When geographic patterns of latent risk are 
expressed as the number of species with latent risk >0.5 (Figure 2), latent risk is higher 
on the east coast of Australia, and lowest in the arid inland, which probably at least 
partly reflects the distribution of total mammal species richness.
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Table 2. List of top ten species with highest latent risk values, using models based on 
(a) current range size; (b) historic range size.
(a)
Species Common name Latent risk
C e r c a r te tu s  c a u d a tu s Long-tailed pygmy possur 1.034
H y p s ip ry m n o d o n  m o sc h a tu s Musky rat kangaroo 1.034
P s e u d o m y s  h ig g in s i Long-tailed mouse 0.894
A n te c h in u s  m in im u s Swamp antechinus 0.773
T h y lo g a le  b i l la rd ie r ii Red-bellied pademelon 0.759
Z y z o m y s  w o o d w a rd i Kimberly rock rat 0.748
U ro m y s  c a u d im a c u la tu s Giant white-tailed rat 0.744
S a r c o p h ilu s  la n ia r iu s Tasmanian devil 0.675
P s e u d o m y s  a ib o c in e r e u s Ash-grey mouse 0.626
A n te c h in u s  b e llu s Fawn antechinus 0.603
(b)
Species Common name Latent risk
Iso o d o n  m a c ro u ru s Northern brown bandicoot 0.802
P e r a m e le s  n a su ta Long-nosed bandicoot 0.795
H y d r o m y s  c h r y s o g a s te r Golden bellied water rat 0.769
I so o d o n  o b e su lu s Southern brown bandicoot 0.750
U ro m y s  c a u d im a c u la tu s Giant white-tailed rat 0.693
R a ttu s  le u c o p u s Cape York rat 0.631
A e p y p r y m n u s  r u fe sc e n s Rufous bettong 0.602
R a ttu s  fu s c ip e s Bush rat 0.600
R a ttu s  lu tr e o lu s Australian swamp rat 0.555
T h y lo g a le  b i l la rd ie r ii Red-bellied pademelon 0.537
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Legend
Average positive latent extinction risk
0 0 7 - 0.18 
0 1 9 - 0.31 
■  0 32 - 0 44
Figure 1. Average positive latent extinction risk across Australia, calculated using (a) 
current range sizes; (b) historic range sizes. The grey lines indicate 1BRA bioregion 
boundaries.
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Legend
Number of species with a latent extinction risk value of greater than half
Figure 2. Number of species with a latent extinction risk value greater than or equal to 
0.5, calculated using (a) current range sizes; (b) historic range sizes. The grey lines 
indicate IBRA bioregion boundaries.
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4. Discussion
Like most previous comparative analyses of extinction risk in vertebrate taxa, we find 
that current geographic range size is the most powerful of a suite of predictors of 
species decline rates, overshadowing the effects of other biological traits. This result 
would suggest that species with inherently narrow distributions are more susceptible to 
human impacts such as habitat loss, introduced predators or hunting, than widely 
distributed species. However, this conclusion does not seem to fit well with the history 
of decline in Australian mammals. Since the nineteenth century, severe range decline 
has occurred in Australian mammals with both large and small ranges (Burbidge et al. 
2008; Fisher et al. 2003; Van Dyck and Strahan 2008). For example, both the common 
brushtail possum (Trichosurus vulpecula) which was present throughout almost all of 
Australia in pre-European times, and the Hastings river mouse (Pseudomys oralis) 
which was present in less than two percent of Australia, now have ranges less than 40% 
of their pre-European sizes (Burbidge et al. 2008). Many other formerly widespread 
species now occupy even smaller fractions of their original ranges (e.g. greater bilby 
Macrotis lagotis, greater stick-nest rat (Leporillus conditor)), or are extinct entirely (e.g. 
lesser bilby (Macrotis leucura)). In fact, the correlation between original range size and 
percentage range size decline among Australian mammals is non-significant (Pearson's 
product-moment correlation, t = 0.56, p = 0.58). One interpretation of this lack of 
correlation is that the primary threatening processes for Australian mammals have 
changed over time, and that the threats that prevailed from the time of European 
settlement until recently did not selectively disadvantage narrowly-distributed species, 
while present-day threats do. However, we consider this unlikely, since many 
Australian mammal species suffered their most rapid declines comparatively recently 
(from the 1930’s to the 1960’s), and it is difficult to imagine that the major threatening 
processes have changed substantially since then. It has also been suggested that the 
same processes responsible for these declines are largely driving the current rapid 
decline in northern Australian mammals (Woinarski et al. 2011). An alternative 
explanation is that the strong association between current geographic range size and 
extinction risk suffers from circularity, despite attempts to control for this circularity by
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omitting threatened species listed under criteria of absolute size of geographic range or 
population.
In contrast to the strong relationship between current range size and extinction risk, our 
consensus model showed there was no significant relationship between historic range 
size and extinction risk. Instead, higher extinction risk was associated with life-history 
indicators of slow population growth (larger body size and later sexual maturity), 
suggesting that the rate of population recovery from threats such as habitat loss and, in 
particular, predation are of primary importance in determining a species’ current threat 
status. These results do not exclude the possibility of geographic range size being an 
important predictor of extinction risk over evolutionary time. Evidence from mass- 
extinction events indicates that having a large geographic range size can help buffer a 
species from extinction over evolutionary time (Harnik 2011; Jablonski 2008; Kiessling 
and Aberhan 2007): species with extremely small ranges are still more likely to be 
driven extinct by a stochastic event such as a bushfire than species with larger ranges. 
However, our results indicate that for recent extinctions, over human history, the 
importance of range size in predicting extinction risk may be over-emphasized.
The importance of life history rather than range size probably reflects the nature of the 
major threatening processes for Australian mammals. Where habitat loss is the primary 
source of threat, a large range might indeed be expected to offer protection for a species, 
simply because it is less likely that a large proportion of its habitat will be lost, 
compared to a narrowly-distributed species. In Australia, however, many mammal 
declines and extinctions can be attributed to predation by introduced carnivores, and this 
is probably the primary threatening process for most Australian mammals (Johnson 
2006). Since the major introduced predators (cats (Felis catus) and red foxes (Vulpes 
vulpes)) are widespread, population losses due to predation are likely to be independent 
of the size of a species’ geographic range, and have led to the rapid collapse even of 
once widely-distributed species. Similarly, Price & Gittleman (2007) found that among 
artiodactyls, extinction risk in those species more likely to be hunted by humans was 
associated with slower life history, but not with small geographic range.
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Although Australia can be regarded as a special case globally in mammal extinctions, 
due to its unique mammal fauna and high number of recent mammal extinctions, our 
findings are applicable to a broad range of systems. Introduced predators are not unique 
to Australia -  many islands have suffered major impacts on their mammal fauna from 
introduced predators, e.g. endemic rodents in the Caribbean (Geocapromys species: 
Berovides and Comas 1991; Fitzgerald 1988; Nogales et al. 2004) and the Galapagos 
islands (Nesoryzomys and Oryzomys species: Dowler et al. 2000; Nogales et al. 2004) 
have been decimated by introduced predators including cats (Nogales et al. 2004). 
Introduced predators have also impacted mammals on other continents, e.g. the 
American mink (Mustela vision) is present in 28 European countries (Bonesi and 
Palazon 2007) and is known to predate upon mammals including the bank vole 
(Clethryonomis glareolus) (Banks et al. 2004), water vole (Arvicola terrestris) 
(Macdonald et al. 2002; Strachan and Jefferies 1993), and the European desman 
{Galemys pyrenaicus) (Dunstone 1993; Kauhala 1996). Introduced predators are also 
known to have had major impacts on non-mammalian classes where present geographic 
range size has been connected to higher extinction risk, e.g. Aves (Blackburn et al.
2004; Blackburn and Gaston 2002). It is possible that present geographic range 
estimates as a predictor of extinction risk are only overestimated in the case of 
Australian mammals, given the large negative impact that introduced predators are 
believed to have had (Johnson 2006). However, until this can be tested for other 
systems, given that introduced predators are common worldwide, we believe that 
caution is due in using contemporary geographic range sizes to determine extinction 
risk worldwide, in a range of classes including mammals and birds.
In general, comparative models of extinction risk seem to have had only a limited 
influence on conservation policy and practice (Cardillo and Meijaard 2011). One way to 
address this is to “value-add” comparative models by translating them into quantities 
more directly relevant to conservation planning. Calculating latent extinction risk allows 
us to identify the species with the greatest potential for future decline, as well as those 
regions of Australia with the greatest potential for future loss of mammal biodiversity, 
based on the modelled association between biological traits and current extinction risk 
(Cardillo et al. 2006). We found that the use of current or historic range sizes in the
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models had a strong influence on the list of species identified as having highest latent 
extinction risk. For example, using historic range size results in a strong representation 
of bandicoots (family Peramelidae) among the species with highest latent risk, but these 
are absent from the list based on the results of the current-risk models. This is because 
bandicoots have relatively large ranges (Burbidge et al. 2008; IUCN 2009, 2011), but 
also have relatively large body size and high age of sexual maturity. In calculating latent 
risk, the use of models based on current range sizes overemphasises less highly 
threatened species with relatively small ranges (despite not including species in the 
study listed in the IUCN Red List for reasons other than criterion A (IUCN 2001,2009); 
this may offer a misleading picture of the taxonomic distribution of future potential for 
decline. Likewise, the use of current ranges sizes may offer a misleading picture of the 
geographic distribution of potential mammal declines. In particular, current-range 
models give more optimistic estimates of average latent risk for northern Australia than 
historic-range models (Figures 1 and 2), at odds with evidence for very recent and 
ongoing mammal declines in this region (Woinarski et al. 2010; Woinarski et al. 2011) 
that may not yet be reflected in Red List classifications. This may be because the onset 
of declines in northern Australia have been recent enough that many species still have 
relatively broad distributions. It is also possible, of course, that the extinction-risk 
models on which our latent risk estimates are based did not include the biological traits 
that may be critically important determinants of extinction risk, although this seems 
unlikely given the large number of putative predictor variables our models were 
constructed from. It is also possible that biology plays only a minor role by comparison 
to environmental conditions in mediating the response of species to human impact.
The rapid range collapse of many mammal species happened within living memory of 
indigenous people throughout much of Australia, providing a unique and detailed 
source of historical information about species declines (Burbidge et al. 2008). Together 
with other historical accounts, museum records and data from the subfossil record, this 
has allowed the reconstruction of species’ ranges for a time before the onset of the 
current wave of declines and extinctions. We have shown that historical range size is a 
poor predictor of contemporary extinction risk in Australian mammals, and that large 
distributions did not confer resistance to the major source of threat, introduced
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predators. This suggests that the prominent role of geographic range size as a predictor 
of extinction risk more generally may be overestimated.
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Appendix:
Explanation of model predictors
Table A .l . Explanation of model predictors (adapted from Jones et al 2009)
Predictors tested during 
modelling
Meaning Unit
Activity Activity cycle of species -  categories 
are nocturnal, diurnal and anything else
Age at first birth Female age when first litter born 
(eutherians) or first young attaches to 
teat (marsupials)
Days
Age of dispersal Young age when permanent departure 
occurs from group
Days
Age when eyes open Age when both eyes are first open Days
Body mass -  adult Body mass of adults Grams
Body mass -  neonatal Body mass of newborns Grams
Body mass -  weaning age Body mass of young that are being 
weaned
Grams
Diet Dietary Breadth -  number of categories 
of food (e.g. fruit) eaten by species
Geographical range size - Area of species’ historic geographical km2
historic range
Geographical range size - Area of species’ present geographical km2
present range
Habitat Types of habitat used by species -
Habitat types used Number of different types of habitat 
used by species, e.g. ground dwelling
"
Home range size - group Area size in which daily group activities 
are contained.
km2
Home range size - individual Area size in which daily individual 
activities are contained.
km2
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Abstract
The ability to undertake torpor has been linked with human-mediated extinction risk in 
mammals, but whether torpor serves to elevate or decrease extinction risk, and the 
mechanism by which it does so, remain controversial. We attempt to clarify the torpor -  
extinction risk association in a phylogenetic comparative analysis of 284 Australian 
mammal species. We show that the association is strongly mediated by body size. When 
body mass is included as a covariate, regression models show a negative association 
between the ability to undertake torpor and current threat status. This association is 
present in two categories of mammal species likely to be at particular risk from 
introduced predators (medium-sized species and species listed as threatened by 
predation in the IUCN Red List), but there is no association among species not in these 
categories. This suggests that torpor reduces vulnerability to predators, perhaps by 
limiting the amount of time spent foraging. However, the association between torpor 
and extinction risk is also stronger in smaller species, which are more likely to benefit 
from a reduced energy budget in Australia’s low-productivity and unpredictable 
environment. We conclude that the ability to undertake torpor is clearly an advantage to 
mammal species in coping with human impacts, and that this advantage is conferred 
through a combination of reduced exposure to predators and reduced energy 
requirements.
Keywords: Daily torpor, IUCN Red List, phylogenetically independent contrasts, 
predation
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Introduction
Torpor is an energy-conserving adaptation to seasonally scarce resources (including 
both food and water) or unpredictably variable availability of resources (Lyman et al. 
1982, Munn et al. 2010, Geiser & Brigham 2012). In species that internally regulate 
their body temperature, torpor is characterized by a controlled reduction of body 
temperature and lowered metabolic rate (Geiser 2004a). This can occur for hours at a 
time (e.g. daily torpor), or for much longer periods (e.g. seasonal hibernation). Many 
mammal species, including placentals, marsupials and monotremes, undertake torpor of 
one kind or another. Torpor in mammals can be either reactive (occurring as a direct, 
near immediate response when an individual can not find enough food or water to 
sustain non-torpor activity), or predictive (where torpor occurs to conserve energy when 
energy supplies are likely to be low in the near future; Geiser & Brigham 2012). For 
example, the stripe-faced dunnart Sminthopsis macroura goes into torpor even when 
food is available; this is believed to be a coping mechanism to deal with variable food 
supplies in their arid, unpredictable environment (Geiser 2004b, Kortner & Geiser 
2009).
Torpor may play an important role in contemporary conservation, because a number of 
studies have linked population declines and species risk of extinction (current threat 
status) to the ability to undertake torpor. One suggestion is that undertaking torpor 
makes a species more vulnerable to predation, as individuals are easy prey while in a 
state of torpor, thereby elevating extinction risk (e.g. Armitage 2004). Conversely, it has 
also been suggested that undertaking torpor is actually a defence against predation, as 
individuals spend less time foraging and travelling between nesting and feeding sites. 
This reduces time spent in the open, where they are more vulnerable to predation, and 
decreases extinction risk (Geiser & Kortner 2010, Stawski & Geiser 2010). This 
association could be especially important given that introduced predators are 
responsible for declines and extinctions of many mammal species (e.g. Johnson 2006).
The energetic implications of torpor may also influence contemporary extinction risk. 
On the one hand, torpor may lessen the risk of extinction by reducing individual energy
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intake, permitting a species to maintain a viable population in areas of scarce or variable 
resources (Pavey & Geiser 2008, Geiser & Kortner 2010). However, torpor also carries 
energetic costs. Rewarming from the lowered body temperature not only has high 
energetic costs in itself (Warnecke et cd. 2008), but also reduces time available for 
foraging, limiting the amount of energy that animals can gain (Ruf & Heldmaier 1992). 
If the energetic cost of rewarming is minimised through basking in the sun (Warnecke 
et cd. 2008), individuals may be more exposed to predators. Undertaking torpor also has 
other costs, such as reduced immunocompetence (Burton & Reichman 1999). 
Reproduction is slowed through mechanisms such as delayed foetal development 
(Racey & Swift 1981) and limited spermatogenesis (Barnes et cd. 1986). Milk 
production can also be slowed (Wilde et cd. 1999), meaning that young grow slower. 
Whether the energetic benefits of torpor to individual animals outweigh the costs 
probably depends on the reliability of resource availability in the particular 
environments they inhabit.
The mechanisms described above, therefore, make a set of contrasting predictions about 
the links between torpor and contemporary, human-mediated extinction risk. Torpor 
may be associated with reduced or increased extinction risk, and it may affect extinction 
risk via the risk of predation, energetic efficiency, or both. In this context, it may not be 
surprising that previous studies of the relationship between torpor and contemporary 
extinction risk in mammals have found different outcomes. Some studies have found 
that mammals that undertake torpor have a reduced threat status, both globally (Geiser 
& Turbill 2009) and in Australian mammals (Geiser & Kortner 2010). However, torpor 
shows strong phylogenetic signal in groups such as marsupials and bats (Cooper & 
Geiser 2008), so it is important for results of studies such as these, that treat species as 
independent data points, to be replicated using methods that control for phylogenetic 
non-independence (Harvey & Pagel 1991). Torpor was found to be unrelated to 
extinction risk in a study of global mammal species that did control for phylogenetic 
non-independence (Liow et al. 2009). This study focused on whether “sleep” 
(undertaking torpor) or “hide” (e.g. burrowing) behaviour reduced extinction risk 
through protection from the environment, and these two behaviours were grouped
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together in most analyses. Data on whether or not torpor itself is undertaken was 
therefore not included for the majority of species in this study (Liow et al. 2009).
Furthermore, both torpor and species threat status are correlated with a number of life- 
history traits in mammals. For example, torpor may be associated with basal metabolic 
rate and body size (McNab 1983, Cooper & Geiser 2008), and extinction risk is 
associated with body size and a range of other life-history attributes (Cardillo et al. 
2008). Although Liow et al’s (2009) study included traits such as body size in models 
with the group of sleep-or-hide mammals, only univariate torpor -  risk tests were 
performed for the species with data on torpor. Analysis of the association between 
torpor and extinction risk in a multivariate framework may account more completely for 
possible confounding effects of life history or ecology on the torpor-risk association.
We believe, therefore, that there is a need for further investigation to clarify the 
association between torpor and contemporary, human-mediated extinction risk, using 
analyses that (1) distinguish the mechanisms of predation and energetics, and (2) 
account for phylogenetic non-independence, and life history and ecological covariates.
In this study, we use Australian mammals to analyse the association between torpor and 
extinction risk. Australian mammals provide a powerful case study for comparative 
analyses of extinction risk, since this group accounts for nearly a third of recent 
mammal extinctions worldwide (McKenzie & Burbidge 2002), and approximately 20% 
of the remaining Australian mammals are currently considered threatened with 
extinction (IUCN 2012). Additionally, a large proportion (>40%) of Australian mammal 
species undertake some form of torpor. We first test for associations between torpor and 
extinction risk for all Australian mammals, both with and without biological covariates. 
We then attempt to clarify the mechanisms underlying the association, by using the 
IUCN Red List to identify species that have become threatened primarily through 
habitat loss, and those that have become threatened primarily by introduced predators. 
We also identify two other subsets of species that are more likely to be threatened by 
introduced predators: (1) non-volant species, and (2) species whose body mass is in the 
“critical weight range” (CWR) of 35-5500g, which are suggested to lie within the 
preferred prey size range of introduced cats and foxes (Burbidge & McKenzie 1989).
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Under the predation hypothesis, we would expect an association between torpor and 
extinction risk to be more apparent for species listed by the IUCN as threatened by 
predation, for non-volant species, and for CWR species. This association could be 
positive (if torpor puts species at greater risk from predators), or negative (if torpor 
protects species from predators). Under the energetic hypothesis, on the other hand, we 
would expect an association between torpor and extinction risk to be most apparent for 
species threatened by habitat loss, since their capacity to obtain sufficient resources 
from the environment to support viable populations may already have been restricted. 
Again, the association could be positive (if extinction risk is more strongly influenced 
by the energetic costs of torpor), or negative (if extinction risk is more strongly 
influenced by the energetic advantages of torpor).
Materials and Methods
The current threat status of all Australian native terrestrial mammals was obtained from 
the IUCN Red List (IUCN 2012). Threat status was converted to an ordinal scale from 
0-5, following Purvis et al (2000). In addition, we coded extinction as a binary variable 
(extinct versus extant), to allow direct comparison with Geiser and Turbill (2009). We 
recorded data on nesting level from Van Dyck and Strahan (2008), coded as follows: 1 
= below ground, i.e. burrows, soil cracks, caves and/or rock fissures; 2 = both below 
ground and on ground level nests; 3 = ground level; 4 = both ground level and tree 
hollows; and 5 = tree hollows, tree canopy and/or tree branches. Body mass and basal 
metabolic rate were obtained from Jones et al (2009). The primary threatening process 
(or processes) for each threatened species (predation and/or habitat loss) was from the 
IUCN Red List (IUCN 2012). Species were not considered threatened by predation if 
they were listed as threatened by competition or disease transmission by other species 
without being hunted by another species. A species was considered threatened by 
habitat loss whether it was listed as either a broad-scale or local event. We included 
“habitat fragmentation” as habitat loss, but we did not include “habitat degradation”, 
because its definition is more ambiguous and it is difficult to make a valid judgement on
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how habitat degradation contributes to extinction risk. If there was no information about 
the threats faced by the species, the species was excluded from these analyses.
Data indicating whether or not a species undergoes torpor was from Geiser and Kortner 
(2010) and their references, updated with additional data from a literature search of 
studies published since 2009 (see Table SI in Supporting Information). Data on torpor, 
coded as a binary variable, were available for 271 of the 284 species in our dataset. We 
defined torpor as periods of controlled reduction of body temperature with lowered 
metabolic rate (Geiser 2004a). We did not differentiate between mammals that 
undertake long and short torpor, following Geiser and Turbill (2009) and Geiser and 
Kortner (2010). Also, relatively few Australian mammals undertake prolonged torpor 
(Geiser & Kortner 2010), and even in those species where hibernation is undertaken, it 
is geographically variable (Nicol & Andersen 2002, Morrow & Nicol 2009).
The phylogenetic signal in torpor was tested using the D statistic (Fritz & Purvis 2010), 
which is appropriate for binary variables. This indicated strong phylogenetic signal, 
necessitating the use of methods that account for phylogeny. For the phylogenetic 
comparative analyses we used a species-level mammal supertree (Bininda-Emonds et 
al. 2007, Fritz et al. 2009), to which we added 34 tips representing extinct species and 
recently taxonomically-redefined species. For 19 of these extinct species, no 
information was available to guide their placement on the tree, so they were grafted on 
to the base of their genus. Since the phylogeny is ultrametric, branch lengths for the 
grafted species were assumed to be equal to the distance from the tips of the tree to the 
nodes at which the species were attached. Table S2 in Supporting Information lists the 
additional species, along with the references used to guide their placement.
We examined the relationship between torpor, extinction risk and other variables, using 
multiple regression on phylogenetically independent contrasts using the function 
“crunch” in the R library caper (Orme et al. 2012). For direct comparison with Geiser 
and Kortner (2010), we also repeated analyses using standard, non-phylogenetic 
multiple regression across species. All predictors were tested as linear terms, with body 
mass also being tested as a quadratic variable to allow for the possibility that mammal
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species of intermediate body mass may be more susceptible to introduced predators 
(Burbidge & McKenzie 1989). Biological variables recorded using a continuous scale 
were log-transformed before modelling (body mass, mass-specific basal metabolic rate 
(BMR) and average mass of individuals measured for BMR). These analyses were 
carried out on nine subsets of terrestrial mammal species -  all species, non-volant 
species, bats, critical weight range non-volant species, non-critical weight range non­
volant species, species threatened by habitat loss, species not threatened by habitat loss, 
species threatened by predation, and species not threatened by predation. Models were 
regarded as statistically acceptable only if the degrees of freedom were at least 20, or 
five times the number of predictors. We fitted alternative sets of predictors for each data 
subset, and ranked models using AIC (Akaike 1974) corrected for small samples (AICc: 
Hurvich & Tsai 1989).
Results
Of the 284 Australian terrestrial mammals listed in the Red List, data on torpor were 
available for 271; of these, 120 undertake some form of torpor. When the ability to 
undertake torpor is displayed on the phylogeny (Figure 1), it is clear that torpor is 
strongly phylogenetically clustered. This is confirmed by the strong phylogenetic signal 
indicated by the D statistic (D = -0.46, probability that the trait distribution results from 
a Brownian motion model of trait evolution = 0.97). One implication of the strong 
clustering of torpor for our analyses is that there are relatively few evolutionary 
transitions between the states of non-torpor and torpor. This means a majority of the 
phylogenetically independent contrasts have a value of zero, which limits the statistical 
power of our analyses, although it should not elevate Type 1 statistical error.
In independent-contrast regressions with torpor as the sole predictor of extinction risk, 
there were no significant associations in any of the nine species subsets (Table 1). In 
non-phylogenetic cross-species regressions, however, most models revealed a 
significant negative association (Table 1), indicating that the link between the ability to 
undertake torpor and a reduced extinction risk is generated by phylogenetic
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Figure 1. Phylogenetic tree of Australian terrestrial mammals, showing whether torpor 
is undertaken (red symbols) or not (blue symbols). No symbol equates to no torpor data.
pseudoreplication. When biological co-variates were included in the models, significant 
associations between torpor and extinction risk are revealed in six subsets of species 
(Table 2). In all of these subsets, torpor shows a negative association with extinction
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Table 1. Relationship between torpor and extinction in Australian mammals, using 
phylogenetically independent contrasts and non-phylogenetic cross-species regression 
Values shown are slope estimates, with degrees of freedom in brackets. The response 
variable is either an ordinally-scaled index of extinction risk based on the IUCN Red 
List, or a binary variable (extinct/extant).
Phylogenetically independent 
contrasts
Cross-species regression
Subset of species
Ordinal
response
Binary
response
Ordinal
response
Binary
response
All species -0.78 (166) -0.04 (166) -0.85 (269)*** -0.12
(269)***
Non-volant -1.03 (132) -0.05 (132) -0.73 (210)** -0.12 (210)**
Volant -0.15 (32) A -0.66 (57)* -0.10 (57)*
Critical weight range 0.91 (77) -0.09 (77) -0.65 (123). -0.14 (123)*
Non-critical weight -1.51 (55) -0.23 (55) -0.36 (73) -0.05 (73)
range
Threatened by habitat -0.09 (86) -0.02 (86) -0.67 (126)* -0.06 (126).
loss
Not threatened by -1.42 (93) -0.06 (93) .0.94(140)*** -0.16
habitat loss (140)***
Threatened by predation -0.95 (81) -0.03 (81) -0.88 (125) * -0.16(125)*
Not threatened by 0.02 (98) -0.05 (98) -0.31 (141). -0.05 (141).
predation
. 0.05<p<0.1, *0.01<p<0.05, **0.001<p<0.01, ***p<0.001 
A Not possible to get result from test as there is only one extinct bat
risk, indicating that extinction risk is lower in species with the ability to undertake 
torpor, once the influence of biological factors is accounted for. Torpor emerges as a 
significant predictor of extinction risk in two of the species subsets we consider to be
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Table 2. Models of extinction risk using phylogenetically independent contrasts, for six 
subsets of Australian terrestrial mammal species. Three species subsets for which no 
significant predictors were found are excluded from the table (bats, species outside 
Critical Weight Range of 35-5500g, and species not threatened by predation). The 
models shown here are those with the lowest AICc values of several alternative models. 
Values shown are slope estimates.
A ll
s p e c ie s
N o n ­
v o la n t
C r i t i c a l
W e i g h t
R a n g e
T h r e a t e n e d  
by  h a b i ta t  
lo ss
N o t
th r e a te n e d  
by  h a b i ta t
loss
T h r e a t e n e d  
b y  p re d a t io n
T o r p o r
18 .5 9 * * * 2 5 . 8 8 * * *
- 9 .4 0 * * - 9 .8 3 * * * - 6 .40  * * * - 19.84  * * *
B o d y
m a s s
- 2 .4 5 * * * - 2 . 8 4 * * * - 1.5 6 * * * - 1.37  * * * - 0 .53  * * - 4 .03  * * *
B o d y  
m a s s  x 
to r p o r  
N e s t in g  
le v e l
2  2 7 ** * 2  9 9 * * * 1.4 2 * * 1.51 * * * 0 .6 9  *
1.26  *
d .f . 152 127 75 78 87 56
*0.01<p<0.05, **0.001<p<0.01, ***p<0.001 
d.f. degrees of freedom
particularly vulnerable to introduced predators (Critical Weight Range species and 
species listed as threatened by predation in the Red List), but not in species that are not 
included in these categories (species outside the Critical Weight Range and species not 
listed as threatened by predation). In species listed as threatened by predation, nesting 
level also emerges as a significant predictor of risk, with fossorial species less likely to 
be threatened than those nesting at or above ground level.
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Discussion
There is uncertainty about the influence of torpor on species’ extinction risk, and hence 
the role torpor might play in contemporary conservation. There is also uncertainty 
about which mechanism (predation or energetic efficiency) may drive any link between 
torpor and extinction risk. Our study is the first broad-scale, phylogenetic comparative 
analysis that attempts to clarify whether torpor is positively or negatively associated 
with extinction risk, and the mechanism by which it operates. We find that the 
association between torpor and extinction risk is strongly mediated by body mass: when 
the effect of body mass is controlled for, the ability to undertake torpor is clearly 
associated with a reduced risk of extinction. This association is present in the categories 
of mammal species that we consider particularly vulnerable to predation, but not in 
species not included in these categories.
The ability to undertake torpor is strongly phylogenetically clustered in Australian 
mammals. This explains why the significant univariate association between torpor and 
extinction risk found using non-phylogenetic cross-species regression disappears when 
we control for phylogeny by using independent contrasts. If torpor is phylogenetically 
clustered in mammals globally, as it is in Australian mammals, then previous findings 
of significant univariate relationships between the ability to undertake torpor and lower 
extinction risk (Geiser & Turbill 2009, Geiser & Kortner 2010) may at least partially 
result from phylogenetic non-independence, although the association is consistent with 
our results.
Our results indicate that the effects of torpor and body size on extinction risk are closely 
linked. When torpor and body size are included in multiple regression models, both 
have a significant effect on extinction risk. The negative associations between body size 
and extinction risk in our models are unexpected in the context of previous studies 
showing that larger mammals tend to have higher extinction risk (e.g. Cardillo 2003, 
Cardillo et al. 2005, Cardillo et al. 2006), but the interactive and combined effects of 
body size and torpor probably explain this. The significant torpor x body mass 
interaction terms in many of the models suggest that the ability to undertake torpor is
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especially important in reducing extinction risk for smaller mammals. This could be an 
indication of the energetic advantages of undertaking torpor. Smaller mammals have 
higher mass-specific metabolic rates than larger mammals, and suffer greater heat loss 
per gram of body weight than larger mammals due to their relatively higher surface 
area, resulting in proportionally higher caloric demands (Withers 1992, Bradshaw
2003) . Hence, the energetic advantages of torpor are likely to be higher for smaller 
mammals compared to larger mammals. In an unpredictable environment with a highly 
variable food supply, this may translate into an association between torpor and 
population growth rates among smaller mammal species, and thus a reduced extinction 
risk.
However, our results also provide evidence that torpor is a particular advantage for 
species likely to be especially vulnerable to predation, as suggested by Geiser and 
Kortner (2010) and Stawski and Geiser (2010). In two of the subsets of species we 
considered to be more at risk from introduced predators (species within the Critical 
Weight Range, and species listed as threatened by predation), we found that torpor is 
associated negatively with extinction risk. On the other hand, we found no association 
in species not included in these categories. These results contrast with the view that 
undertaking torpor increases the chance of being a victim of predation (e.g. Armitage
2004) . Evidently, mammals undertaking daily torpor are able to remain sufficiently 
well-hidden that any additional risk of predation during periods of torpor is outweighed 
by the reduced time spent foraging in the open, where exposure to predators is higher 
(Lima & Dill 1990, Geiser & Kortner 2010, Stawski & Geiser 2010). Alternatively, 
reduced vulnerability to predation among species that undertake torpor could result 
from a greater tendency for such species to engage in hiding behaviour more generally 
(Liow et al. 2009).
The importance of predation to extinction risk is further supported by the best-fitting 
model for the subset of species threatened by predation, which showed that reduced 
extinction risk is associated with large size and more fossorial habits, in addition to the 
ability to undertake torpor. Because Australia lacks very large mammalian predators, 
large body size is a clear advantage to potential prey species in reducing the risk of
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predation (Burbidge & McKenzie 1989, Johnson & Isaac 2009). Burrowing is also 
likely to reduce the risk of predation, although some previous work suggests that 
arboreality is also a defence against introduced non-climbing predators, especially foxes 
(Johnson & Isaac 2009).
The strongly conserved phylogenetic distribution of torpor in Australian mammals 
would suggest that, although torpor has arisen relatively infrequently, it is advantageous 
enough in evolutionary time that lineages do not often lose the ability to undertake 
torpor. Our results demonstrate that the ability of mammal species to undertake torpor is 
also advantageous to contemporary populations exposed to human impacts. We show 
that torpor is clearly associated with reduced rather than elevated risk of extinction, but 
the association between torpor and extinction risk is strongly mediated by body size.
Our results suggest that protection from predation is likely to be the primary mechanism 
that produces this association, although the stronger effects of torpor for smaller species 
could also have an explanation based on energetic efficiency. We conclude that daily 
torpor confers advantages to smaller mammal species for reasons of both predator 
protection and energetic efficiency. What remains little understood is the extent to 
which these associations are peculiar to the highly unpredictable environments, with 
strongly variable food supplies, that characterize much of Australia, or to environments 
in which introduced predators exert a strong top-down control on mammal populations. 
It is possible that these issues could be resolved by comparisons of the associations 
between torpor and extinction risk among faunas in parts of the world that differ in 
levels of primary productivity or available energy, and the stability of resource supplies.
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Supporting Information
Table S1. Database of Australian mammals and whether or not they undertake torpor.
Please see attached disc.
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Table S2. Species added to the mammal supertree (Bininda-Emonds et al. 2007, Fritz et 
al. 2009)
Species added to Reference
mammal supertree
Antechinus agilis Dickman, C., H. Parnaby, M. Crowther, and D. King. 1998. 
Antechinus agilis (marsupialia: Dasyuridae), a new species from 
the a. Stuartii complex in south-eastern Australia. Australian 
Journal of Zoology 46:1 -26.
Antechinus Crowther, M., J. Sumner, and C. Dickman. 2003. Speciation of
subtropicus antechinus stuartii and a. Subtropicus (marsupialia: Dasyuridae) 
in eastern Australia: Molecular and morphological evidence. 
Australian journal of zoology 51:443-462: Van Dyck, S. 2000. 
Reassessment of northern representatives of the antechinus 
stuartii complex (marsupialia: Dasyuridae): A. Subtropicus sp. 
Nov. And a. Adustus new status. Memoirs of the Queensland 
Museum 45:611-635.
Bettongia pus ilia Placed at base of genus
Caloprymnus Westerman, M., S. Loke, and M. S. Springer. 2004. Molecular
campestris phylogenetic relationships of two extinct potoroid marsupials, 
potorous platyops and caloprymnus campestris (potoroinae: 
Marsupialia). Molecular Phylogenetics and Evolution 31:476- 
485.
Chaeropus Meredith, R. W., M. Westerman, and M. S. Springer. 2008. A
ecaudatus timescale and phylogeny for "bandicoots" (peramelemorphia: 
Marsupialia) based on sequences for five nuclear genes. 
Molecular phylogenetics and evolution 47:1-20.
Conilurus albipes Placed at base of genus
Dasycercus blythi Placed at base of genus
Lagorchestes Placed at base of genus
asomatus
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Species added to Reference
mammal supertree
Lagorchestes Cardillo, M., 0 . R. P. Bininda-Emonds, E. Boakes, and A.
leporides Purvis. 2004. A species-level phylogenetic supertree of 
marsupials. Journal of Zoology 264:11-31.
Leporillus apicalis Placed at base of genus
Macropus greyi Cardillo, M., 0 . R. P. Bininda-Emonds, E. Boakes, and A. 
Purvis. 2004. A species-level phylogenetic supertree of 
marsupials. Journal of Zoology 264:11-31.
Macrotis leucura Placed at base of genus
Notomys amplus Placed at base of genus
Notomys Placed at base of genus
longicaudatus
Notomys macrotis Placed at base of genus
Notomys mordax Placed at base of genus
Notomys robustus Placed at base of genus
Onychogalea Cardillo, M., O. R. P. Bininda-Emonds, E. Boakes, and A.
lunata Purvis. 2004. A species-level phylogenetic supertree of 
marsupials. Journal of Zoology 264:11-31.
Perameles Placed at base of genus
eremiana
Petrogale coenensis Campeau-Peloquin, A., M. D. B. Eldridge, J. A. W. Kirsch, and
Petrogale mareeba
F. J. Lapointe. 2001. Phylogeny of the rock-wallabies, petrogale 
(marsupialia: Macropodidae) based on DNA/DNA hybridisation. 
Australian Journal of Zoology 49:463-486.
Campeau-Peloquin, A., M. D. B. Eldridge, J. A. W. Kirsch, and 
F. J. Lapointe. 2001. Phylogeny of the rock-wallabies, petrogale 
(marsupialia: Macropodidae) based on DNA/DNA hybridisation. 
Australian Journal of Zoology 49:463-486.
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S p e c ie s  a d d e d  to R e f e r e n c e
m a m m a l  s u p e r t r e e
P e tr o  g a le  s h a r m a n i C a m p e a u -P e lo q u in , A ., M . D . B . E ld r id g e , J . A . W . K irsc h , an d  
F. J . L a p o in te . 2 0 0 1 . P h y lo g e n y  o f  th e  ro c k -w a lla b ie s , p e tro g a le  
(m a rsu p ia lia : M a c ro p o d id a e )  b a se d  on  D N A /D N A  h y b r id isa tio n . 
A u s tra lia n  Jo u rn a l o f  Z o o lo g y  4 9 :4 6 3 -4 8 6 .
P h a s c o g a le  p ir a ta P la c e d  a t b a se  o f  g e n u s
P o to r o u s  p la ty o p s W e s te rm a n , M ., S. L o k e , an d  M . S . S p rin g e r . 2 0 0 4 . M o le c u la r  
p h y lo g e n e tic  re la tio n sh ip s  o f  tw o  e x tin c t p o to ro id  m a rs u p ia ls , 
p o to ro u s  p la ty o p s  an d  c a lo p ry m n u s  c a m p e s tr is  (p o to ro in a e : 
M a rsu p ia lia ) .  M o le c u la r  P h y lo g e n e tic s  a n d  E v o lu tio n  3 1 :4 7 6 - 
4 8 5 .
P s e u d a n te c h in u s W e s te rm a n , M ., J . Y o u n g , an d  C . K ra je w sk i. 2 0 0 8 . M o le c u la r
r o r y i re la tio n sh ip s  o f  sp e c ie s  o f  p se u d a n te c h in u s , p a ra n te c h in u s  an d  
d a s y k a lu ta  (m a rsu p ia lia :  D a sy u r id a e ) . A u s tra lia n  M a m m a lo g y  
2 9 :2 0 1 -2 1 2 ; C o o p e r ,  N ., K . A p lin , a n d  M . A d a m s . 2 0 0 0 . A  new  
sp e c ie s  o f  fa lse  a n te c h in u s  (m a rsu p ia lia : D a sy u ro m o rp h is : 
D asyuridae) fr o m  th e  P ilb a r a  r e g io n .  W e s te r n  A u stra lia . R e c o rd s -  
W e s te rn  A u s tra lia n  M u se u m  2 0 :1 1 5 -1 3 6 .
P s e u d o c h e ir u s P la c e d  at b ase  o f  g en u s
o c c id e n ta l i s
P s e u d o m y s  a u r i tu s P la c e d  at b a se  o f  g e n u s
P s e u d o m y s  g o u ld i i P la c e d  at b a se  o f  g e n u s
R a t tu s  m a c le a r i P la c e d  a t b ase  o f  g en u s
R a t tu s  n a t iv i ta tu s P la c e d  at b a se  o f  g e n u s
S m in th o p s is  b in d i B la c k e t, M . J .,  M . A d a m s , S . J . B . C o o p e r , C . K ra je w sk i &  M . 
W e s te rm a n  (2 0 0 1 )  S y s te m a tic s  a n d  e v o lu tio n  o f  th e  d a sy u r id  
m a rsu p ia l g e n u s  S m in th o p s is : I. T h e  M a c ro u ra  sp e c ie s  g ro u p . J  
M a m m  E v o l ,  8 , 149.
S m in th o p s is P la c e d  at b a se  o f  g en u s
f i d ig in o s u s
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Abstract
Aim
Understanding extinction on islands is critical for biodiversity conservation. Introduced 
predators are a major cause of island extinctions, but there have been few large-scale 
studies of the complexity of predator effects on island faunas, or how predation interacts 
with other factors. Using a large database of island mammal populations, we describe 
and explain patterns of island mammal extinctions as a function of introduced predators, 
life history, and geography.
Location
323 Australian islands.
Methods
We built a database of 934 island mammal populations, extinct and extant, including 
life history and ecology, island geography and the presence of introduced predators. To 
test predictors of extinction probability, we used generalized linear mixed models to 
control partially for phylogenetic non-independence, and decision trees to more fully 
explore interactive effects.
Results
The decision trees identified large mammals (>2.7kg) as having higher extinction 
probabilities than small species (<2.7kg). In large species, extinction patterns are 
consistent with island biogeography theory, with distance from the mainland the 
primary predictor of extinction. For small species, the presence of introduced black rats 
is the primary predictor of extinction. As predicted by mesopredator suppression theory, 
extinction probabilities are lower on islands with both black rats and a larger introduced 
predator (cats, foxes or dingoes), compared to islands with rats but no larger predator. 
Similarly, extinction probabilities are lower on islands with both a mid-sized (cats or 
foxes) and a larger (dingoes) predator, compared to islands with cats or foxes only.
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Main conclusions
Island mammal extinctions result from complex interactions of introduced predators, 
island geography, and prey biology. One conservation implication of our results is that 
eradication of introduced apex predators (cats, foxes or dingoes) from islands could 
precipitate the expansion of black rat populations, potentially leading to extinction of 
native mammal species whose remaining populations are confined to islands.
Keywords
Apex predator, extinction, islands, island biogeography, mesopredator release, 
introduced species.
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Introduction
Islands play a critically important role in conservation, both because they host many 
endemic species (Alcover et al., 1998), and because they may serve as the last refuge 
for populations of species that are otherwise extinct. It is likely that the single most 
important agent of species extinction on islands is introduced predators and other exotic 
species (Blackburn et al., 2004), with strong evidence that the presence of introduced 
predators on islands is associated with declines and extinctions of mammals, birds and 
amphibians (Blackburn et al., 2004; Walsh et al., 2012). Describing and understanding 
patterns of island extinctions, and the role of introduced predators in driving extinction 
patterns, is therefore of key importance in the conservation of global island biodiversity.
There have been few broad-scale analyses describing the complexity of island 
extinction patterns across a large number of island populations (but see Blackburn et al., 
2004; Walsh et al., 2012). In island datasets where introduced predators are present on 
some islands but not others, the simplest prediction of extinction patterns would be a 
positive association between the presence of introduced predators and the extinction of 
island populations. However, there are several reasons why real patterns may be more 
complex than this. First, it has been predicted that where several predators occupying 
multiple trophic levels are present in an ecosystem, apex (top-order) predators can 
mitigate extinctions of prey species by suppressing populations of smaller 
mesopredators (Courchamp et al., 1999). Conversely, the reduction or extirpation of an 
apex predator population can lead to a trophic cascade, whereby the population of a 
mesopredator can rapidly increase, elevating predation pressure on prey populations. 
This phenomenon is known as mesopredator release (Soule et al., 1988; Courchamp et 
al., 1999; Crooks & Soule, 1999). In predator-prey interactions among carnivores 
(intraguild predation), it is more common for a larger carnivore to kill individuals of a 
smaller species, although smaller carnivores are also known to kill juveniles of a larger 
species (Palomares & Caro, 1999). There is now considerable evidence for 
mesopredator release and intraguild predation in a variety of ecosystems (Palomares & 
Caro, 1999; Johnson et al., 2007; Johnson & VanDerWal, 2009; Letnic et al., 2009a; 
Letnic et al., 2009b; Ritchie & Johnson, 2009; Wallach et al., 2009). However, these
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processes have been studied mostly at the population level, and their contribution to 
broad-scale patterns of extinction and biodiversity remain poorly known.
A second possible source of complexity in island extinction patterns is that life history 
attributes of prey species may influence patterns of extinction (Walsh et al., 2012). Over 
the past decade, comparative studies have shown that life history traits such as body size 
or weaning age, and ecological traits such as habitat preference, are associated with 
differences in extinction risk among mammal species (Cardillo et al., 2008; Davies et 
al., 2008). Life history traits may interact with external drivers of extinction: for 
example, larger mammal species appear more sensitive to a range of threatening 
processes, such as hunting, than small species (Cardillo et al., 2005).
Finally, population dynamics on islands may be influenced by island geography. Under 
island biogeography theory (MacArthur & Wilson, 1967), extinction rates are expected 
to be elevated on islands that are smaller (as population sizes are limited) or more 
isolated from other landmasses (as populations are less frequently replenished by 
immigrants).
The relative importance of predation, life history, and island biogeography, as well as 
the way they combine and interact to influence extinction probabilities on islands, 
remains poorly understood. In this study, we attempt to disentangle these three 
processes by analysing extinction patterns in a large database of mammal populations 
on 323 Australian islands. Australian islands offer a good case study for analysing 
island mammal extinctions, for several reasons. First, Australia has suffered a large 
proportion (>25%) of the world’s mammal extinctions in recent times (McKenzie et al., 
2007; IUCN, 2011). Second, introduced predators are recognized as probably the single 
most important agent of species decline in Australian mammals (Johnson, 2006). Third, 
at least eight mammal species originally widespread on the Australian mainland are 
now confined to relict island populations (Burbidge et al., 2008), lending a particular 
urgency to attempts to explain patterns of island mammal extinctions. The existence of 
hundreds of islands with different geographic features, some predator-free and others 
with one or more introduced predator species, provides an opportunity for a powerful
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natural experiment aimed at understanding the ecological processes leading to 
extinction. If island extinctions are predictable from simple linear processes, they 
should be amenable to simple conservation planning rules. If, on the other hand, 
extinctions are the result of a more complex interplay of factors, it would necessitate a 
more targeted, case-by-case approach to planning the conservation of biodiversity on 
islands.
Methods
Database construction
The baseline data on island geographic features, and the presence and extinction of 
native mammal species, was from the Australian islands database of Abbott and 
Burbidge (1995). Abbott & Burbidge’s (1995) database includes data from field 
surveys of islands up to April 1992. For the purposes of our analysis, therefore, a 
mammal population believed to have gone extinct from an island prior to April 1992 is 
considered to be an extinction, and a population believed to have been present on an 
island in April 1992 is considered currently present, unless this was contradicted by 
more recent information. We consider each mammal species on each island to be a 
single population. We scored each population as currently present (1) or formerly 
present but now extinct (0). Records used in the Abbott & Burbidge (1995) database 
began in the early 1800s (and include some subfossil data), with the first dated 
extinction occurring in approximately 1855 (Macropus eugenii from Thistle island, 
South Australia). We omitted inconclusive records of native mammal presence.
We updated the Abbott & Burbidge (1995) database with more recent data by searching 
journal articles (published after 1991) and government reports. To confirm that updated 
records were attached to the correct islands in the Abbott & Burbidge (1995) database, 
we matched islands by name, state, island group name, island size, and 
latitude/longitude, between the database and each new data source. Our final database
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consisted of 934 mammal populations of 107 species from 323 islands (see Appendix 
SI in Supporting Information).
The most common introduced predators on Australian islands fall into three broad size 
groups: small (black rat Rattus rattus), medium-sized (red fox Vulpes vulpes and 
domestic cat Felis catus), and large (dingo Canis lupus dingo, feral domestic dogs 
Canis lupus familiaris, and their hybrids from interbreeding). Feral domestic dogs and 
dingoes were grouped together. Ecologically, feral dogs and dingoes fulfil similar roles, 
and interbreed, meaning that a distinction between wild domestic dogs and dingoes is 
often not possible (Ritchie et al., 2012); hereafter we refer to both as “dingoes”. The 
presence of the introduced species (black rats, red foxes, domestic cats, and dingoes) on 
each island was from the Abbott & Burbidge (1995) database, with additional data from 
government reports (Burbidge, 2004; Tasmanian Department of Primary Industries, 
Parks, Water and Environment, 2008; Australian Department of Sustainability, 
Environment, Water, Population and Communities, 2010). Introduced species were 
recorded as present, extinct (i.e. formerly present but now absent), or never present, on 
each island. In some cases, data were available on the timing of introductions and native 
mammal extinctions, allowing us to code introduced species as present or absent with 
respect to each native mammal population. For example, if the extinction of a particular 
native population occurred before the introduction of an exotic predator to the same 
island, we coded the predator as “absent” with respect to that native population.
In some cases, records of presence or extinction of native species on islands are likely to 
have been influenced by direct human intervention. Records of extinct Australian native 
species that were known to have been introduced, or reintroduced following extinction, 
were removed from the database, as these extinctions may have resulted from factors 
associated with the introduction process, rather than the ecological factors we were 
interested in testing. Where a native mammal was removed from the island intentionally 
(such as the grey kangaroo on Granite Island, South Australia), the record was removed 
and not considered to be an extinction or a presence.
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We recorded adult body mass of each native mammal species, from the PanTheria 
database (Jones et al., 2009). Previous studies have shown that the vertical level at 
which a species nests can influence extinction vulnerability (Johnson & Isaac, 2009), so 
we recorded nesting level for 99 species, from Van Dyck & Strahan (2008), coded as 
follows: 1 = below ground, including burrows, soil cracks, caves or rock fissures; 2 = 
both below ground and ground level; 3 = ground level; 4 = both ground level and trees; 
and 5 = tree hollows, tree canopy or tree branches.
Extinction models
We analysed patterns of mammal extinction at the island level (n = 323) and the 
population level (n = 934). As the response variable for island-level analyses, we 
quantified the extinction probability for each island as the percentage of native species 
recorded on the island at any time that are no longer present on the island (e.g. on Maria 
Island there are 14 species present and one species formerly present but now absent, so 
extinction probability is 6.7%). We regarded the definition of “apex” and “meso” 
predators as relative rather than absolute, as we wished to examine whether (1) the 
largest introduced predator (dingo) acts to suppress populations of each of the smaller 
introduced predators (black rat, cat, fox), and (2) the mid-sized introduced predators (cat 
and red fox) act to suppress populations of black rats. We therefore performed separate 
analyses in which we considered each of the cat, fox or dingo to be the “apex” predator, 
and each of the black rat, cat or fox as the “meso” predator. For each apex/mesopredator 
combination, we began with a visual examination of mean extinction probabilities on 
islands with different combinations of predator types. We plotted extinction 
probabilities for four sets of islands: (1) both apex predator and mesopredator present; 
(2) neither apex predator nor mesopredator present; (3) apex predator but not 
mesopredator present; (4) mesopredator but not apex predator present. We compared 
mean extinction probabilities across the four sets of islands using anova.
We then tested the effect of introduced predators, prey species biology, and island 
geography, as predictors of extinction probabilities across populations. We used two 
analytical approaches with complementary strengths (Bielby et cd., 2010): Generalized
79
Chapter 4
Linear Mixed Models (GLMM) and decision trees. GLMMs allow for the partial 
control of phylogenetic non-independence among populations by including taxonomic 
level (species, genus, family, order) as nested random grouping factors in models. 
Decision trees are well suited to dissecting complex interactions among multiple 
predictor variables and are considered by some authors to offer greater predictive 
accuracy than linear models (De'ath & Fabricius, 2000; Davidson et al., 2009; Bielby et 
al., 2010). Decision trees are increasingly applied to analyses of the multiple factors 
driving extinction risk, and to improve accuracy of predictions of species decline and 
extinction (Davidson et al., 2009; Bielby et al., 2010). However, decision trees cannot 
account for phylogenetic non-independence, so we feel it is important to use this 
method in combination with a method such as GLMM that at least partially accounts for 
phylogeny.
Relationships between population extinction (coded as a binary variable where 0 = 
extinct and 1 = present), and life history and extrinsic variables were analysed using 
GLMMs in the R library nlme (Lindstrom & Bates, 1990). Island area and species body 
mass were log-transformed before modelling to normalise the error distribution. The 
structure of the dataset (with multiple island populations for most species) precluded the 
use of phylogenetically independent contrasts to control for phylogenetic non­
independence. Although there have been recent advances in controlling for phylogenetic 
non-independence when datasets include multiple populations per species (Stone et al., 
2011; Revell & Reynolds, 2012), these methods require population-specific information 
on life-history traits, which are not currently available. We therefore partially controlled 
for phylogenetic non-independence by including taxonomic levels (species, genus and 
family) as nested random grouping factors in the models. We fitted a set of a priori 
models (Table 1) and compared them using the difference between the Akaike 
Information Criterion (AIC) for each model and that of the best-fitting model (AAIC).
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Table 1. Comparisons of generalized linear mixed models of the effects of life history, 
island geography, and introduced predators, on extinction probability of island mammal 
populations. The top five models are shown, in order of increasing Akaike Information 
Criterion (AIC) value. Models have dingoes as the apex predator, and the following as 
the mesopredator: (a) black rats; (b) cats; (c) foxes.
(a)
Predictors Degrees
of
freedom
AIC Delta
AIC
black rat + log(prey body mass) + dingo 826 247.7 0
black rat + log(prey body mass) 827 250.2 2.5
black rat * dingo 825 254.8 7.1
black rat + dingo 826 258.8 11.1
black rat * log(prey body mass) 826 260.2 12.6
(b)
Predictors Degrees AIC Delta
of AIC
freedom
cat + log(prey body mass) + dingo 826 259.5 0
cat + log(prey body mass) 827 260.1 0.6
cat * log(prey body mass) 826 271 11.5
cat + dingo 826 272.4 12.9
cat 827 272.6 13.1
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(c)
Predictors Degrees
of
freedom
AIC Delta
AIC
fox + log(prey body mass) 827 259.8 0
fox + log(prey body mass) + dingo 825 265.8 5.9
fox * log(prey body mass) 826 269.9 10.1
fox 827 272.7 12.9
fox + prey nesting level 826 273.6 13.8
Conditional inference decision trees were created using the R package PARTY (Hothorn 
et al., 2009) to examine interactions among predictor variables. PARTY uses a statistical 
approach to get the most homogenous subgroups (in terms of the response variable) at 
each level of the conditional inference decision tree through recursive binary 
partitioning of the dataset. The statistical tests applied ensure that variable selection is 
unbiased (unlike in traditional classification and regression trees which are biased 
towards variables with the most levels: Breiman et al., 1984) and that overfitting does 
not occur, as the tree is finished as soon as no further significant relationship between 
the response and predictors can be found (Hothorn et al., 2006, 2009). No further 
pruning of the resultant trees is required, with PARTY delivering optimal trees with 
statistically significant pathways and terminal nodes.
Results
Comparisons of extinction probabilities among island sets
Examination of mean extinction probabilities across sets of islands with different 
combinations of introduced predators (Figures 1 and 2) supports mesopredator 
suppression, with foxes and cats acting as both apex predators (suppressing black rats) 
and as mesopredators (being suppressed by dingoes). When black rats are considered
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Figure 1. Mean (±1 s.e.) extinction proportions (% of island populations that have gone 
extinct) across sets o f islands with black rats as mesopredator, and cats, foxes or 
dingoes as apex predator. Bars represent mammal species on different island subsets, as 
follows. N: neither apex predator nor mesopredator present; B: both the apex predator 
and mesopredator present; A: apex predator only present; and M: mesopredator only 
present. Results are shown for all islands, small islands only (<4094km2), and large 
islands only (>4094km2).
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Figure 2. Mean (±1 s.e.) extinction proportions ( %  o f island populations that have gone 
extinct) across sets of islands with cats or foxes as mesopredator, and dingoes as apex 
predator. Bars represent mammal species on different island subsets, as follows. N: 
neither apex predator nor mesopredator present; B: both the apex predator and 
mesopredator present; A: apex predator only present; and M: mesopredator only 
present. Results are shown for all islands, small islands only (<4094km2), and large 
islands only (>4094km2).
the mesopredator and cats, foxes or dingoes considered the apex predator (Figure 1), 
extinction is significantly higher on islands where the mesopredator is present but the 
apex predator is absent, compared to islands where neither, both, or the apex predator 
only, are present (ANOVA: pcO.OOl, d.f.=3,931 for cats, foxes and dingoes as the apex 
predator). The same pattern is evident when cats or foxes are considered the
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mesopredator and dingoes the apex predator (Figure 2; ANOVA: pcO.OOl, d.f.=3,931 
for both cats and foxes as the mesopredator).
Although these patterns are strongly suggestive of a mesopredator suppression effect, a 
similar pattern could result if larger predators are less likely than smaller predators to be 
found on smaller islands, where extinction of native prey species could be higher due to 
island biogeographic effects. However, examining the patterns separately for large and 
small islands, using median island size as the cut-off, shows that all patterns remain the 
same for large islands (ANOVA: pcO.OOl, d.f.=3,458 for all mesopredator and apex 
predator combinations; Figures 1 and 2). On small islands, mesopredator-only islands 
have the highest mean extinction probability in most cases (ANOVA: p<0.001, 
d.f.=3,460 when black rats are the mesopredator and either foxes or dingoes are the 
apex predator; p<0.001 when cats are the mesopredator and dingoes the apex predator), 
but the differences between these and other island sets is obscured by a general 
elevation in extinction on small islands (Figures 1 and 2).
General Linear Mixed Models
GLMMs show that island extinctions are influenced by all three of the hypothesised 
mechanisms described in the Introduction: introduced predators, life history, and island 
biogeography. The full set of model comparisons are given in Appendix S2, and the top 
five models for each mesopredator (cats, foxes, dingoes) are shown in Table 1. 
Comparisons of univariate models show that black rats have a greater influence on 
extinction than other introduced predators, with a strongly positive association between 
the presence of black rats and extinction of native mammal populations (GLMM: p < 
0.001). The presence of dingoes, on the other hand, shows a weak negative association 
with extinction (GLMM: p = 0.098). The fit of the univariate models is not improved by 
the addition of island area, distance from mainland, or prey nesting level, either as 
additive or interactive terms (Table 1, Appendix S2). The addition of prey body mass, 
however, improves model fit, with additive body mass terms giving a better fit than 
interactive terms. Fit of the black rat + log(prey body mass) and the cat + log(prey body 
mass) models are further improved by the addition of dingoes (Table la, b). In both
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models, there are negative relationships between dingo presence and mammal extinction 
(Table 2).
Table 2. Best-fitting models when the apex predator is assumed to be the dingo, and the 
mesopredator is assumed to be (a) black rat; (b) cat; and (c) red fox.
(a)
Predictor Slope Standard
error
t P
black rat 0.052 0.012 4.3 0
log(prey body mass) 0.031 0.009 3.4 0.001
dingo -0.036 0.010 -3.4 0.001
(b)
Predictor Slope Standard
error
t P
cat 0.034 0.013 2.6 0.01
log(prey body mass) 0.033 0.009 3.6 0.001
dingo -0.039 0.013 -3.1 0.002
(c)
Predictor Slope Standard
error
t P
fox -0.001 0.014 -0.1 0.936
log(prey body mass) 0.034 0.009 3.6 0.001
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Decision Trees
We fitted three alternative models using black rats as the mesopredator, with dingoes, 
cats or foxes as the apex predator. We then fitted two additional models, with foxes or 
cats as the mesopredator and dingoes as the apex predator. All life history and 
geographic variables (see Methods) were included in each model. With rats as the 
mesopredator, results were similar whether dingoes (Figure 3) or foxes (Figure 4) were 
included as the apex predator in the model. The first split identifies large body mass as 
the primary determinant of extinction risk, with a cut-off of 2.7kg. For species heavier 
than 2.7kg, extinction probability is higher on islands more distant from the mainland 
(>2.1km), consistent with the expectations of island biogeographic theory. For large 
species on less isolated islands, the presence of black rats elevates extinction risk. For 
species below 2.7kg, the presence of black rats is the primary predictor of extinction 
risk. When black rats are present, the presence of dingoes or foxes as an apex predator 
is associated with a significant reduction in extinction probabilities. When cats are the 
apex predator, this final split is not present (Appendix S3, Figure S3). However, the 
mitigating influence of cats on extinction in the presence of black rats can be seen in a 
decision tree that only includes cats and black rats (permutation test: p = 0.003; see 
Appendix S3, Figure S4). With foxes or cats as the mesopredator and dingoes as the 
apex predator, the decision trees indicated a first split between large and small species, 
and a subsequent split between more and less isolated islands; the model with foxes also 
included a further split involving foxes (see Appendix S3, Figures S1, S2).
In summary, probability of extinction is highest for (1) large species on islands distant 
from the mainland, (2) large species on islands close to the mainland with black rats, 
and (3) small species on islands with black rats but no apex predator.
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<2700g >2700g
<2.09km >2.09kmAbsent Present
AbsentPresent PresentAbsent
Body mass
p<0.001
Dingoes
p=0.045
Distance 
from mainland
p=0.043
Black rats
p=0.004
Black rats
p=0.022
2.61%
27.59%
17.14%17.19%
5.77%
Figure 3. Decision tree showing interactive effects of life history, island geography and 
predation, on island mammal extinctions, with dingoes as apex predator and black rats 
as mesopredator. Percentages are percentage of species with these criteria that have 
gone extinct.
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<2700g >2700g
Absent <2.09km >2.09kmPresent
PresentAbsentPresentAbsent
Body mass
p<0.001
Black rats
p=0.022
Distance 
from mainland
p=0.043
Black rats
p=0.004
Foxes
p=0.048
2.61%
17.14%
27.59%
12.05%
Figure 4. Decision tree showing interactive effects o f life history, island geography and 
predation, on island mammal extinctions, with the red fox as apex predator and black rat 
as the mesopredator. Percentages are percentage of species with these criteria that have 
gone extinct.
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Discussion
As previous analyses of vertebrate extinctions on islands have demonstrated (Blackburn 
et al., 2004; Walsh et al., 2012), our results show that introduced predators are an 
important driver of island mammal extinctions. However, extinction probability is not a 
simple positive function of the presence of introduced predators on islands. Rather, the 
effects of introduced species act in concert with biological and geographic factors to 
determine extinction probabilities, in ways that are, in some cases, counterintuitive and 
difficult to predict.
A key predictor of island mammal extinction is large body size. This finding is 
consistent with previous comparative analyses that have shown larger mammal species 
tend to have a higher extinction-risk classification on the IUCN Red List (e.g. Cardillo 
et al., 2005). Intriguingly, the primary split in our decision-tree analysis divides small 
and large mammal species at a cut-off body mass value of 2.7kg. This value is 
remarkably similar to the 3kg threshold identified in a previous study as the body mass 
above which mammal species become sharply more susceptible to factors that elevate 
extinction risk (Cardillo et al., 2005), and is also similar to a split of 5.5kg in an 
analysis of mammal extinction risk globally (Davidson et al., 2009). Although there are 
a number of reasons to expect a continuous increase in extinction-proneness with 
increasing body size (e.g. population density and reproductive output decline with body 
size: Bielby et al., 2007), the reasons for a sharp increase in extinction-proneness above 
2.7-5.5kg remain unclear. Nonetheless, the repeated occurrence of a similar body-mass 
threshold in several independent analyses suggests an underlying biological cause that 
warrants further investigation.
For mammal species above 2.7kg, about the size of a brushtail possum (Trichosurus 
vulpecula), geography is a key determinant of extinction, with extinction probability 
higher on islands more distant from the mainland. This is consistent with island 
biogeography theory, which predicts that extinction rates increase with isolation of 
islands as a result of lower immigration rates from source populations (Brown & 
Kodric-Brown, 1977; Brown & Lomolino, 1998). However, the role played by
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immigration in maintaining equilibrium species richness in island mammal assemblages 
is not clear. If rates of dispersal to islands are very low, island assemblages may not be 
in equilibrium at all, but are likely to represent “relaxation faunas” that are the outcome 
of extinctions from sets of species isolated following sea level rise at the end of the 
Pleistocene (Harcourt & Schwartz, 2001). On the other hand, some authors have 
demonstrated a decline in the diversity of non-volant mammals with increasing isolation 
in some island systems, and have concluded that overwater dispersal does play a 
significant role in structuring island mammal faunas (Heaney, 1986; Lomolino, 1994; 
Hoekstra & Fagan, 1998).
Alternatively, the link between island isolation and extinction probability may result 
from processes other than immigration. It has been suggested that the longer 
populations are isolated from predators, the more likely it is that predator recognition 
and costly antipredator behaviour, such as watchfulness or group vigilance, will be lost, 
making more isolated populations more susceptible when re-exposed to predators 
(Kavaliers, 1990; Blumstein & Daniel, 2005). Evidence from a recent comparative 
analysis (Blumstein & Daniel, 2005) suggests that loss of antipredator behaviour can 
occur within the relatively short time period that many of the islands in our dataset have 
been isolated from the mainland (i.e. since the Last Glacial Maximum, ca. 23000 years 
ago). It is possible that antipredator behaviour has been lost to a greater degree in 
populations on islands that are more isolated, and thus likely to have been separated 
from mainland populations for a greater length of time. Our results offer mixed support 
for this explanation. On the one hand, the decision trees (Figures 3,4) do not show that 
populations on more distant islands are more susceptible to the presence of predators. 
On the other hand, the GLMM model that includes foxes, distance to mainland, and 
their interaction, gives a significant interaction term (p = 0.039), suggesting that 
populations on more isolated islands are indeed more susceptible to the presence of 
foxes. In other models, however, there are no significant interactions between mainland 
distance and other introduced predators.
Another possibility is that island isolation covaries with another geographic or climatic 
variable that influences extinction probabilities, such as island area or rainfall. For the
91
Chapter 4
islands in our dataset, however, there is no correlation between island area and distance 
from the mainland (Pearson’s product-moment correlation: r=-0.04, p=0.75, d.f =307). 
On the other hand, there is a tendency for more distant islands to have lower mean 
annual rainfall (Pearson’s product-moment correlation: r=-0.09, p = 0.02, d.f.=307). 
Furthermore, extinction probability is inversely associated with mean annual rainfall 
across populations within our island dataset (GLMM: /?=0.0001). However, both 
rainfall and distance from mainland are independently associated with higher extinction 
risk when both predictors are included in a GLMM (/?=0.0001 and p=0.002, 
respectively). Therefore, while rainfall patterns may contribute to variation in extinction 
probability across islands, they cannot completely account for the effect of isolation.
For mammal species below 2.7kg, predation becomes the key driver of extinction, with 
a clear positive association between the presence of black rats and extinction 
probability. The black rat’s dispersal abilities, high reproductive rates and ecological 
flexibility have made it one of the most pervasive introduced species on islands 
worldwide (Van Dyck & Strahan, 2008; Harris, 2009; Banks & Hughes, 2012). Black 
rats have been strongly implicated in declines and extinctions of island bird populations 
(e.g. Atkinson, 1985; Blackburn et al., 2004; Jones et al., 2008), with black rats known 
to predate adults, chicks and eggs (Jones et al., 2008). The impact of black rats on 
mammals is also persuasive, though less well documented than for birds. Harris (2009) 
found that the black rat is implicated in small mammal extinctions on islands 
worldwide. After black rat eradication on Boodie and Middle Islands, Western 
Australia, the number of burrowing bettongs (Bettongia lesuer) and golden bandicoots 
(Isoodon auratus), respectively, rose considerably (Morris, 2002). Black rats are able to 
capture prey up to their own body size (approximately 300g), which may include 
juveniles of species that reach larger sizes as adults, and may also impact on populations 
of mammals through competition or disease transmission (Harris, 2009; Banks & 
Hughes, 2012). Stokes et al. (2009) showed that removal of black rats does not change 
the body condition of adults of the Australian native rat, Rattus fuscipes, but does 
increase juvenile recruitment, implying either direct competition, or predation by black 
rats on juvenile native rats.
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We found that the adverse effect of black rats on island mammal populations is strongly 
mitigated by the presence of a larger predator, with cats, foxes and dingoes all providing 
such a mitigating effect. The role of dingoes in the suppression of introduced 
mesopredators has been well documented (Johnson et al., 2007; Johnson &
VanDerWal, 2009; Letnic et al., 2009a; Letnic et al., 2009b; Ritchie & Johnson, 2009; 
Letnic et al., 2012). Some authors have suggested that dingoes be reintroduced or 
allowed to re-establish in areas from which they have been eradicated, to provide top- 
down control of mesopredators (Johnson et al., 2007; Dickman et al., 2009; Ritchie & 
Johnson, 2009; Wallach et al., 2010; Ritchie et al., 2012), a controversial suggestion 
given the longstanding efforts by the pastoral industry to control dingoes in areas grazed 
by livestock. Previous work has focused primarily on the role of dingoes in the 
suppression of cats and foxes, which are widely considered to be among the primary 
agents of native mammal decline and extinction in Australia (Johnson, 2006). Two of 
the findings from our study point to mesopredator suppression effects that have not 
previously received much attention: (1) that dingoes suppressing black rats has a 
stronger effect on native mammal extinction rate than dingoes suppressing cats and 
foxes; and (2) that cats and foxes themselves play a role as apex predators in 
suppressing black rat populations. Indeed, our GLMM results indicate a weakly 
negative association between extinction probability and the presence of dingoes or 
foxes. This suggests that any direct pressure of dingoes or foxes on native mammal 
populations is likely to be smaller than the mitigating influence of dingoes or foxes on 
black rat populations. It is possible that the three larger predators control rats through 
direct predation: dietary studies have shown that black rats are predated upon by 
dingoes (Brook & Kutt, 2011), cats and foxes (Clarke & Cameron, 1998; Molsher et al., 
2000). In addition, competition and non-lethal behavioural interactions may also serve 
to suppress black rat breeding and population growth on islands where larger predators 
are present (Ritchie et al., 2012).
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Conclusions
The complexity of processes that seem to drive extinction patterns on islands has 
implications for the conservation and management of island mammal populations. In 
Australia and other parts of the world where exotic species introductions have had a 
major impact on native faunas, the prevailing management paradigm emphasizes the 
eradication of exotic species whenever and wherever possible. However, as evidence 
accumulates for the effects of mesopredator release and trophic cascades, the wisdom of 
this approach has begun to be questioned (e.g., Johnson et al, 2007; Letnic et al., 2012). 
Our comparative results suggest that mesopredator release can have particularly severe 
effects on island mammal populations. Given that black rats are a major threat to native 
mammals, the eradication of cats, foxes or dingoes from islands could result in 
considerable loss of island mammal biodiversity through the release of rat populations. 
Paradoxically, with the last remaining populations of some mammal species confined to 
relict island populations, it is conceivable that eradication of cats, foxes or dingoes 
could lead to the complete extinction of some species. A more appropriate management 
program should aim to balance the eradication of smaller and larger predators 
(Courchamp et al., 2011).
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Appendix SI. Database of Australian island mammal populations
Please see attached disc.
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Appendix S2. Comparisons of GLMM models of extinction probabilities
Models are arranged in order of increasing AIC value. Models have dingoes as the apex 
predator, and the following as the mesopredator: (a) black rats; (b) cats; (c) foxes.
(a)
Predictors Degrees
of
freedom
AIC Delta
AIC
black rat + log(prey body mass) + dingo 826 247.65 0
black rat + log(prey body mass) 827 250.161 2.511
black rat * dingo 825 254.785 7.135
black rat + dingo 826 258.775 11.125
black rat * log(prey body mass) 826 260.23 12.58
black rat 827 260.831 13.181
black rat + prey nesting level 826 262.366 14.716
black rat * cat 825 262.912 15.262
black rat * log(island area) 816 263.086 15.436
black rat + fox 826 267.87 20.22
black rat + log(island area) 817 268.002 20.352
black rat + cat 826 268.576 20.926
black rat * prey nesting level 825 272.066 24.416
black rat * fox 825 276.023 28.373
black rat + island isolation 816 278.23 30.58
black rat * island isolation 815 290.214 42.56
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(b)
Predictors Degrees
of
freedom
AIC Delta
AIC
cat + log(prey body mass) + dingo 826 259.486 0
cat + log(prey body mass) 827 260.058 0.572
cat * log(prey body mass) 826 270.96 11.474
cat + dingo 826 272.353 12.867
cat 827 272.607 13.121
cat + prey nesting level 826 273.701 14.215
cat * dingo 825 276.264 16.778
cat + fox 826 281.179 21.693
cat * fox 825 282.546 23.06
cat * prey nesting level 825 283.155 23.669
cat + log(island area) 817 285.725 26.239
cat + island isolation 816 289.425 29.939
cat * log(island area) 816 292.551 33.065
cat * island isolation 815 303.34 43.85
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(c)
P red icto rs D egrees
o f
freedom
A IC D elta
A IC
fox + log(prey  body m ass) 827 259 .832 0
fox + log(prey  body m ass) + d ingo 825 265 .769 5.937
fox * log(prey  body m ass) 826 269 .883 10.051
fox 827 272 .689 12.857
fox + prey nesting  level 826 273 .619 13.787
fox + d ingo 826 278 .999 19.167
fox + cat 826 281 .179 21 .347
fox * prey nesting  level 825 282 .469 22.637
fox * cat 825 282 .546 22 .714
fox * d ingo 825 282 .716 22 .884
fox + log(island  area) 817 288 .262 28.43
fox + island iso lation 816 288 .788 29 .302
fox * island iso lation 815 292 .986 33.5
fox * log(island  area) 816 293 .987 34.155
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Appendix S3: Decision trees for models with foxes and cats as mesopredators
>2700g<2700g
>2.09km<2.09km
Absent Present
Foxes
p=0.038
Body mass
p<0.001
Distance 
from mainland
p=0.043
4.71%
27.59%
16.22%
Figure 1. Decision tree showing interactive effects o f life history, island geography and 
predation, on island mammal extinctions, with dingoes as apex predator and red foxes 
as mesopredator. Percentages are percentage of species with these criteria that have 
gone extinct.
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<2700g >2700g
<2.09km >2.09km
Body mass
p<0.001
Distance 
from mainland
p=0.043
4.71%
7.41%
27.59%
Figure 2. Decision tree showing interactive effects o f life history, island geography and 
predation, on island mammal extinctions, with dingoes as apex predator and cats as 
mesopredator. Percentages are percentage of species with these criteria that have gone 
extinct.
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<2700g >2700g
<2.09kmAbsent >2.09kmPresent
Absent Present
Body mass
pO.001
Black rats
p=0.022
Black rats
p=0.004
Distance 
from mainland
_____ p=0.043_____
17.14%
9.09%
2.61%
27.59%
Figure 3. Decision tree showing interactive effects of life history, island geography and 
predation, on island mammal extinctions, with cats as apex predator and black rats as 
mesopredator. Percentages are percentage of species with these criteria that have gone 
extinct.
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PresentAbsent
Absent Present
Black rats
p<0.001
Cats
p=0.003
7 .02%
33 .33%
11.85%
Figure 4. Decision tree showing how cats and black rats interact to affect island 
mammal extinctions. Percentages are percentage o f species with these criteria that have 
gone extinct.
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Chapter 5
Predicted loss of phylogenetic diversity on islands
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Abstract
The preservation of evolutionary history, as well as species richness, has become one of 
the aims of conservation. Phylogenetic diversity therefore needs to be conserved as well 
as individual species, especially on islands, which often host endemic species and those 
extinct on mainlands. I examine possible future phylogenetic diversity loss on 
Australia’s islands under a range of scenarios. Although I demonstrate that patterns of 
loss are sensitive to the method used for prediction, certain consistencies are seen under 
all of my scenarios. Islands on the west of Tasmania, and above the centre of Northern 
Territory are secure from substantial phylogenetic loss under all scenarios. On the other 
hand, islands in the east of the Bass Strait and the north-east of Northern Territory seem 
to be centres of phylogenetic diversity loss. As such, I recommend that these islands be 
prioritised for conservation consideration.
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Introduction
Conservation tends to be concentrated on a species-level view of biodiversity. Although 
conserving species is necessary, including other measures of biodiversity in 
conservation can assist in protecting our wildlife. Phylogenetic diversity measures 
biodiversity through the differences in evolutionary history between species (Faith 
1992). Conserving phylogenetic diversity acknowledges that species are not all equal, 
and that species that represent a greater amount of unique evolutionary history may be 
more worthy of conservation than species with many close living relatives. It has also 
been suggested that it may be functionally easier to conserve biodiversity using a 
measure of phylogenetic diversity rather than species, due to problems in recognising 
individual species, and assessing the number of species in each area (McNeely et al. 
1990, Faith 1992). As such, conservation planning schemes increasingly aim to 
conserve both maximum species richness and maximum phylogenetic diversity in an 
area.
Globally, mammal declines have been geographically variable due to the variation of 
extinction drivers across space (Purvis et al. 2000, Cardillo et al. 2006). For example, 
mammals present in areas with greater landscape modification and human impact have 
generally suffered greater decline than those living in less altered areas (Cardillo et al. 
2004). Whilst it is unfortunate that mammals in these areas have undergone substantial 
decline, it offers a valuable opportunity to learn from the situation to prevent or halt 
mammal decline in regions with their greatest impacts yet to come. In Australia, the 
arid, semiarid and temperate regions have suffered significant decline in their mammal 
species, while the monsoonal areas of northern Australia were regarded as a haven for 
mammal species (Woinarski et al. 2010). However, recent monitoring studies in 
Kakadu National Park have found that a severe decline is presently occurring amongst 
native mammals in that national park as well as other conservation spots in the top of 
the Northern Territory (NT: Woinarski et al. 2010). These declines were unexpected 
because these areas are largely untouched by extensive habitat loss, with a low human 
population and no foxes (Woinarski et al. 2010). This raises the question of whether 
these current declines are due to the same causes as the substantial declines seen
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elsewhere in Australia, and are just occurring later, or whether the declines are due to a 
different set of factors. If the NT top end declines are caused by the same factors that 
drove the mammal declines in the rest of Australia, then the patterns of extinction in 
other parts of Australia may offer an opportunity to inform conservation planning in the 
Top End with a better biological understanding of the mammal declines. If, however, 
the current declines are driven by different processes, as has been suggested by Fisher et 
al. (2013), it will be harder to translate extinction patterns in the south to those in the 
north.
Islands are important centres of biodiversity. They not only host populations of endemic 
species but are also the last refuge for some species that have gone extinct on 
mainlands. For these reasons, islands may contain larger amounts of phylogenetic 
diversity than expected from their species numbers, although this has been little 
investigated. Australian islands are the last bastion for at least eight different native 
Australian mammal species (Burbidge et al. 2008), and Australia has already had more 
mammal extinctions than any other country since 1500 (McKenzie et al. 2007, IUCN 
2012). As such, it is important to understand which islands are likely to lose the most 
biodiversity in the future, so that conservation efforts can be focused on these islands. 
Given that declines have only recently been documented in the top end of the NT 
(Woinarski et al. 2001, Woinarski et al. 2010), and are likely to be due to distinct 
causes (Fisher et al. 2013), we also need to determine whether this pattern extends to 
extinctions on islands of the NT. As such, in predicting islands that may have the 
greatest future biodiversity loss, it is necessary to determine whether NT’s islands are 
undergoing mammal extinctions driven by different processes from other Australian 
islands.
Australia’s islands are all unique, having different sizes, geographical positions, 
climates and native mammal assemblages. Some have been colonised by non-native 
species, such as cats (Felis catus) and red foxes (Vulpes vulpes), whereas others remain 
free of introduced mammals. To prevent further decline, we therefore need to have a 
broad understanding of what is driving island extinctions. Extinction risk is determined 
by how a species' biology (intrinsic traits) allows it to cope with external pressures,
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which are primarily placed upon it by human activity (Cardillo et al. 2006). Intrinsic 
traits that affect the likelihood of a species undergoing extinction include gestation 
length and body size (Davies et al. 2008). Longer gestation length is believed to raise 
extinction risk as it takes populations longer to recover to a sustainable size after loss of 
members due to, for example, habitat loss or hunting (Cardillo et al. 2005, Davies et al. 
2008). Globally, larger body size is associated with a higher chance of extinction due to 
the slower life history correlated with larger body size (Cardillo 2003, Cardillo et al. 
2005, Davies et al. 2008). Large body size has also been shown to interact more than 
small body size with other threatening processes, such as hunting, meaning larger 
species are likely to not only take longer to recover from loss but undergo that initial 
loss (Cardillo et al. 2004). Interestingly however, in Australia, mid-sized species are 
often believed to the most vulnerable to extinction (due to being the supposed preferred 
prey size for introduced cats and red foxes). However, this has been debated, and recent 
work has found that it only occurs in particular Australian regions or mammal groups 
(Cardillo & Bromham 2001, Johnson & Isaac 2009, Chisholm & Taylor 2010, Fisher et 
al. 2013). See also chapter 6 of this thesis for evidence that extinctions on islands are 
biased towards intermediate sizes.
External pressures that can drive extinction include introduced herbivores and predators 
(Morton 1990, Johnson 2006). Herbivores change vegetation structure through their 
grazing, destroying the habitat necessary for some species to survive (Morton 1990). 
This environmental change can also interact with introduced predators, making it easier 
for them to hunt when the area is clearer (Fisher et al. 2003, Johnson et al. 2007, 
Johnson & Isaac 2009). The extinction risk of native mammals on Australia’s islands 
could also be significantly affected by variables that do not influence mainland 
extinction risk because they are unique properties of islands themselves. An example of 
an island factor that is likely to affect extinction is island size, with extinction believed 
to be higher on smaller islands as populations are smaller, and so less likely to survive 
individual losses (MacArthur & Wilson 1967). Therefore, to accurately determine what 
is associated with island mammal extinctions, we need to examine island geographic 
factors, other extrinsic factors including introduced species, and intrinsic factors of the 
native species.
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Extinction is a complex process, due to the simultaneous pressures of intrinsic traits and 
external drivers independently and/or interactively affecting the extinction risk of a 
species (Fisher et al. 2003, Cardillo et al. 2004). We use a combination of both linear 
regression modelling and decision trees to untangle the relationships between 
extinction, and species’ biological traits and external pressures. This allows us to 
partially control for phylogenetic non-independence through use of comparative 
analyses, and examine variable interactions through use of decision trees (Davidson et 
al. 2009, Bielby et al. 2010). As well as quantifying the amount of mammal 
phylogenetic diversity that has already been lost from Australia’s islands, we compare 
possible future loss under a range of predicted extinction scenarios (Cardillo et al. 2006, 
Davidson et al. 2009, Cardillo & Meijaard 2011). Scenarios include whether or not NT 
island extinctions are being driven by different processes to the rest of Australia, and 
extinction models where future extinctions are based upon species listed as at the most 
risk in the IUCN red list (IUCN 2012). This study will therefore benefit conservation by 
identifying extinction drivers, and understanding which islands should be considered for 
conservation priority to retain maximum phylogenetic diversity.
Methods
Data collection
We built a database containing information on 927 populations of 106 native non-volant 
mammal species, on 321 Australian islands. The database contains information on the 
native mammal populations (including whether or not they are currently extant or 
extinct, and intrinsic biological traits such as body size), island biogeographic variables 
(e.g. distance from the mainland), and presence of introduced species (e.g. red foxes). 
We updated the database used in chapter 4; see chapter 4 methods: database 
construction for details. The database is included in Supplementary materials 1. Updates 
included adding extra information on introduced vertebrates on the islands (Department 
of Sustainability, Environment, Water, Population and Communities, Australian 
Government 2011; Department of Primary Industries, Parks, Water and Environment,
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Tasmania 2011) and IUCN red list extinction risk rankings for each species (IUCN 
2012). Table 1 contains the full list of factors tested as potential predictors of extinction.
Table 1. Tested extinction predictors.
Island variables Introducedspecies Native mammal variables
Area Black rats Activity cycle
Channel depth Brown rats Age eyes open
Distance from mainland Buffalo Age at first birth
Distance from nearest larger island Camels Body mass -  adults
Height of highest point Cane toads Body mass -  natal
Joined to another land body Cats Body mass -  weaning age
Latitude Cattle Basal metabolic rate
Longitude Deer Basal metabolic rate -  mass
Rainfall (average) Dingoes Diet
State island belongs to Domestic dog Dispersal age
Donkeys Gestation length
Loxes Head and body length - adult
Goats Head and body length - natal
Hares Head and body length -  weaning age
Horses Home range size
House mice Interbirth interval
Pigs Litters per year
Rabbits Litter size
Sheep Native to the island 
Nesting level 
Population density 
Population group size 
Sexual maturity age 
Social group size 
Terrestrial ity 
Trophic level 
Weaning age
Extinction risk models
Relationships between presence/extinction of a population, and species’ biological and 
extrinsic factors were analysed using generalized mixed-effects models with the R 
library “nlme” (Nonlinear Mixed-Effects Models: Lindstrom & Bates, 1990). All
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biological extinction risk factors, except for litter size, litters per year, and nesting level, 
were log-transformed before modelling (see Table 1 for all tested predictors). Analyses 
were carried out separately for all Australian islands, Australia excluding NT islands, 
and the NT islands. The structure of the dataset (with multiple observations for each 
species) precluded the use of phylogenetically independent contrasts, so phylogenetic 
non-independence was partially controlled for by including taxonomic levels (species, 
genus and family) as nested random grouping factors in the models. Given that over 50 
potential predictors were being used in this model-fitting procedure (and many were 
also being tested for interaction with other predictors), it would have been impossible to 
test all possible combinations of the extinction risk factors. A stepwise heuristic 
procedure (Purvis et al. 2000, Cardillo et al. 2005) was thus used to search the model 
space as systematically as possible. The method used to find minimum adequate models 
(Crawley 2002) was the same as we used in section 2.2, chapter 2.
We created consensus models from our top minimum adequate extinction risk models 
as determined by Akaike information criterion (AIC: (Akaike 1974, Johnson & Omland 
2004): see section 2.3, chapter 2, for details. Model averaging was always carried out on 
the top 99.99% of model weight.
Predicting extinctions
To be able to predict future population losses, we used the significant factors from the 
consensus model for each island set (all islands, NT islands, and non-NT islands) to 
create a conditional inference tree for the respective subset using the R package “party” 
(Hothorn et al., 2009). Significant factors from the non-NT island set were also used to 
obtain a decision tree for the NT subset to allow for the possibility that NT islands are 
beginning to suffer from the same extinction processes as the rest of Australian islands 
or will in the future. Decision trees cannot account for phylogeny but are well suited to 
dissecting complex interactions among multiple predictor variables and are considered 
by some authors to offer greater predictive accuracy than linear models (De'ath & 
Fabricius, 2000; Davidson et al., 2009; Bielby et al., 2010). Body mass was used 
instead of head and body length in the trees as these factors are highly correlated, and
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data on body mass is available for more species, making our predictions applicable to a 
greater number of populations.
The decision trees were then used to predict which mammal species are likely to go 
extinct in the future. If the decision tree had two terminal branches, we assigned the 
populations with the factors that led to greater present extinction to future extinction. If 
the decision tree had three or more terminal branches, we assigned future extinction to 
the populations that had the drivers that led to significantly more present extinctions. 
Given that information on gestation length was only available for approximately two- 
thirds of the relevant populations, and that we wanted to carry out predictions for the 
maximum possible number of populations, gestation length for the remaining species on 
NT islands was predicted using other life history information. Numerous models were 
run using crunch in the R package “caper” (Orme et al. 2012) to determine the best 
fitting model to predict gestation length while controlling for phylogenetic non­
independence. The two crunch models with the highest R squared value were then run 
as a linear regression model to get an intercept and thus the full formula for the 
relationship between gestation length and other life history factors. The best fitting 
model was log(gestation length) ~ log(adult body mass) + log(adult body mass)2 
(estimate (body mass) = -0.282, p < 0.001, estimate (body mass)2 = 0.018, p < 0.01. 
Overall model: F = 8.189 on 2 and 63 DF, p < 0.001). We also calculated phylogenetic 
diversity loss for NT islands using the non-NT decision tree’s cut-offs to allow for the 
possible future situation in which exactly the same extinction processes as are currently 
occurring in the rest of Australia apply to the NT. Possible phylogenetic diversity loss 
using predictions based upon species’ IUCN red list extinction risk categories were also 
calculated for comparison. Two scenarios were used: 1. That all species listed as 
critically endangered or endangered would go extinct; and 2. That all threatened species 
(i.e. listed as critically endangered, endangered or vulnerable) would suffer extinction.
To examine possible phylogenetic diversity loss from each island, future phylogenetic 
diversity for each island under the afore-mentioned range of extinction scenarios was 
calculated using the R package “picante” (Kembel et al. 2010). Phylogenetic diversity 
was calculated by summing the branch lengths of all species on the respective island
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(Faith 1992, Kembel et al. 2010). Picante requires a phylogenetic tree of the relevant 
species to calculate phylogenetic diversity; we used the mammal supertree (Bininda- 
Emonds et al. 2007).
Results
Extinction risk models
We found 168 significant models that gave relationships between extirpation of native 
species and extinction risk factors when examining all Australian islands that presently 
have or have in the past hosted native, non-volant mammals. The consensus model for 
all Australian islands found that extinction was less likely when: black rats were not 
present on the island; body size of the native mammal was smaller; foxes were present 
on the island; and the native mammal nested at a higher vertical level (i.e. in a tree, 
rather than on the ground: table 2). The most important factors related to native 
mammal extinction, with almost equal importance, are body size (relative importance of 
1) and whether black rats are present on their home island (relative importance of 0.98).
Table 2. Australian islands - Extinction risk consensus model.
Factor Model-averaged 
slope estimate
Total
variance
Model-averaged 
slope estimate 
minimum 
(p<0.05)
Model-averaged 
slope estimate 
maximum 
(p<0.05)
Black rats* -0.047 0.011 -0.056 -0.039
Foxes * 0.019 0.007 0.012 0.025
Head and -0.059 0.026 -0.072 -0.046
body length
- adult *
House mice 7.20 x 105 2.27 x 105 -3.02 x 104 4.46x 10‘4
Nest * 0.005 0.002 0.001 0.009
Precipitatio
n
9.46 x 108 2.27 x 108 -1.17 x 10'5 1.19 x 105
Response variable is presence ( l)/extinction (0) of the native population. 
* Significant result
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On non-NT Australian islands, 206 significant models were found that explained 
relationships between extirpation of native mammal species and extinction risk factors. 
The most important factors related to native mammal extirpation are size of the native 
mammal (relative importance of 1), whether domestic dogs are present on the island 
(relative importance of 0.165), and the height at which the native mammal sleeps 
(relative importance of 0.102). The consensus model for non-NT Australian islands 
found that extinction was less likely when body size of the native mammal was smaller, 
and it nested in a higher position (i.e. in a tree, rather than on the ground: table 3).
Table 3. Australian islands excluding Northern Territory - Extinction risk consensus
model.
Factor Model-
averaged
slope
estimate
Total
varian
ce
Model-averaged slope 
estimate minimum 
(p<0.05)
Model-averaged slope 
estimate maximum 
(p<0.05)
Domestic
dogs
0.006 0.003 0.001 0.011
Head and 
body length - 
adult *
-0.097 0.037 -0.116 -0.078
Nest * 0.009 0.004 0.002 0.015
Precipitation 1.75 x 107 4.61 x 
10'8
-2.12 x 10 5 2.15 x 10 5
Response variable is presence (l)/extinction (0) of the native population. 
* Significant result
Only eight significant models were found to explain the patterns of extirpation seen on 
NT’s islands. The most important factor related to native mammal extirpation in NT 
islands is gestation length of the native mammal (relative importance of 1). The 
consensus model for NT islands shows that extinction is less likely when the native 
mammal has a shorter gestation period (table 4).
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Table 4. Northern Territory islands - Extinction risk consensus model.
Factor Model-averaged 
slope estimate
Total
variance
Model-averaged 
slope estimate
Model-averaged 
slope estimate
minimum maximum
(p<0.05) (p<0.05)
Cats 0.002 0.001 -0.003 0.006
Dingoes 0.002 0.001 -0.003 0.006
Gestation -0.169 0.057 -0.204 -0.134
length * 
Latitude - 0.001 3.68 x 104 -0.002 0.004
island
Response variable is presence (l)/extinction (0) of the native population. 
* Significant result
Decision trees and phylogenetic diversity loss
Before any recorded modern-day extinctions occurred, Australian islands had between 
1177.6 million and 166.2 million years of phylogenetic diversity. Presently, Australian 
islands have between 1121.8 million and 0 years of phylogenetic diversity, having lost 
between 379.1 million and 0 years of phylogenetic diversity (figure lb). The islands 
have suffered losses of up to 100% of their phylogenetic diversity (on islands that 
formerly had up to three terrestrial mammal species: figure la) and six non-volant 
mammal species.
The decision tree for all Australian islands showed that extinction was highest for 
species over 2.7kg (t=31.50, p<0.001), and species under 2.7kg on islands with black 
rats and no foxes (t=6.74, p=0.04: figure 2). As such, populations that met these criteria 
were regarded as likely to go extinct in predictions of phylogenetic diversity loss. For 
non-NT islands, the decision tree shows just one split, with species over 4.65kg 
suffering from much greater extinction than smaller species (t=23.71, p<0.001). 
Populations of mammals that were over 4.65kg were therefore considered to be those 
likely to suffer extinction for the relevant predictions of islands loss of phylogenetic 
diversity. Non-NT Australian islands presently have between 1121.8 and 0 million 
years of phylogenetic diversity, having lost between 379.1 and 0 million years of 
phylogenetic diversity (figure lb). The islands have currently lost up to 100% of their
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Longitude Longitude
Figure 1. Phylogenetic diversity losses on Australia’s islands: loss of phylogenetic 
diversity to date (a, b), projected loss under the IUCN critically endangered and 
endangered scenario (c, d), and projected under the IUCN threatened species scenario 
(e, f). Losses are percentage of original island phylogenetic diversity (a, c, e) and 
absolute phylogenetic diversity in millions of years (b, d, f).
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Figure 2. Decision tree showing extinction drivers for Australian islands overall. Bars 
show the proportion of populations extinct (pale grey) and alive (dark grey), n = number 
of populations with the respective factors.
phylogenetic diversity (on islands that formerly had up to three terrestrial mammal 
species: figure la) and six species.
NT islands are presently suffering losses between 166.2 and 0 years of phylogenetic 
diversity (figure lb). This represents losses up to 100% of their phylogenetic diversity 
(on islands that previously had one native terrestrial mammal: figure la) and two
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species. NT islands showed just one significant split when a decision tree was run using 
the NT significant model. Populations that had a gestation length of greater than 25 
days were more likely to go extinct (t=6.19, p=0.03), meaning that populations showing 
this trait were regarded as being likely to suffer extinction when determining probable 
future phylogenetic loss under the NT scenario. When the significant model for non-NT 
islands was run for the NT dataset, the first split showed that species that nest at ground 
level or above were less likely to suffer extinction (t=6.80, p=0.02). Amongst species 
that nested below-ground, species under 1,4kg were much less likely to suffer extinction 
than larger species (t=16.19, p<0.001). As such, species over 1.4kg that nested below 
the ground were those considered likely to suffer extinction when determining future 
phylogenetic loss. Phylogenetic diversity losses were also calculated using the decision 
tree cut-offs found for the non-NT islands on the NT islands as the extinction scenario.
Under all extinction scenarios tested, there were some islands that had no loss of 
phylogenetic diversity, and some islands that lost all their phylogenetic diversity 
(although the maximum number of species on islands that lost all their phylogenetic 
diversity varied from 1 to 20 under the different scenarios: see Table 5 for details). 
Geographic patterns of loss show that islands on the east of the Australian mainland 
tend to suffer less phylogenetic diversity loss than those on the west, while islands on 
east of Tasmania and Northern Territory tend to suffer more loss than those on the west. 
See Figures 1 and 3 for details.
Discussion
There is no clear geographic pattern in the loss of phylogenetic diversity to date from 
Australia’s islands, although losses appear particularly high on the east of NT, and the 
south of Australia, including a cluster in the east of the Bass Strait between Tasmania 
and the Australian mainland. However, under none of the modelled phylogenetic loss 
scenarios does this remain. The IUCN endangered and critically endangered species 
model predicts greater phylogenetic diversity loss on the north and south of the 
Australian mainland than the east and west coasts; once all threatened species are
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Table 5. Projected phylogenetic diversity losses under various scenarios
Individual island maximum Average across all relevant islands
Scenario
(figure
number)
PD loss 
(my)
Number 
of species 
on 100% 
PD lost 
island
Number 
of species 
lost
Absolute 
PD loss 
(my)
% PD
loss
Number
species
lost
IUCN
critically
endangered
and
endangered
(lc .d )
379.1 3 8 32.17 13.29 0.43
IUCN
threatened
species
( le ,f )
379.1 3 8 40.56 16.30 0.53
All
Australian 
islands (3a, 
b)
1030.3 20 20 112.13 37.07 1.33
Non-NT 
model, 
non-NT 
islands (3c, 
d)
379.1 3 9 53.80 22.39 0.71
Non-NT 
model, 
non-NT 
cut-offs, 
NT islands 
(3c, d)
166.2 1 3 42.51 18.11 0.57
Non-NT 
model, NT 
cut-offs, 
NT islands 
(3e,f)
363.1 5 7 53.80 22.39 0.71
NT model, 
NT islands 
(3g,h)
166.2 1 2 30.67 14.07 0.41
Key: PD = Phylogenetic diversity, NT = Northern Territory
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Figure 3. Projected phylogenetic diversity losses on Australia’s islands based on 
modelled extinction probability under the following scenarios: all Australian islands (a, 
b), non-Northern Territory islands (including Northern Territory islands with non- 
Northern Territory cut-offs; c, d), non-Northern Territory islands model with Northern 
Territory cut-offs (e, f), and Northern Territory islands (g, h). Losses are percentage of 
island phylogenetic diversity (a, c, e, g) and absolute phylogenetic diversity (b, d, f, h).
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removed, phylogenetic diversity loss is concentrated around the mainland except the 
east coast. A similar pattern is seen using the non-NT islands model; however, under the 
all-islands model, extinctions are spread around the whole country. Certain clusters of 
islands are secure from substantial loss of phylogenetic diversity under all scenarios, 
e.g. islands on the west of Tasmania, and above the centre of NT. The maps show that 
many islands will lose their total phylogenetic diversity under each predicted scenario. 
Although the absolute phylogenetic diversity may not be large due to these islands 
having few mammal species, the loss of an island’s complete non-volant mammalian 
fauna is cause for concern. The predictions also all show certain loss consistencies -  
islands in the east of the Bass Strait and the north-east of NT seem to be centres of 
phylogenetic diversity loss, whichever future scenario is used. As such, I recommend 
that these islands be prioritised for conservation consideration.
This work shows that extinctions on NT islands are presently driven by different factors 
than extinctions on islands elsewhere in Australia, justifying our use of separate models 
in certain scenarios to predict future loss of island biodiversity. On Australian islands 
overall, we found that a higher chance of extinction was related to larger body size of 
the native species and presence of black rats on the island. As well as this, the presence 
of foxes and a higher nesting level were significantly related to lower extinction. 
However, longer gestation length is the most important factor related to higher numbers 
of extinctions on NT islands, while larger body size and lower nesting level were the 
most important factors associated with greater extinction on non-NT islands. Longer 
gestation length is known to be related to higher extinction risk in mammals globally 
(Davies et al. 2008); this is because a longer gestation length means it takes more time 
for populations to recover from impacts. Mammals that nest underground or at ground 
level are not only more likely to be more reliant on vegetation layers that introduced 
herbivores graze away for food and refuge but are more likely to have their homes 
destroyed by introduced species, leading to greater vulnerability from predators (Morton 
1990). As well as this, arboreal species have a greater defence against certain introduced 
predators, such as foxes, who tend to prey on ground species (Johnson & Isaac 2009).
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Despite the NT and non-NT island models having different extinction drivers, the 
phylogenetic diversity loss predictions for NT are similar whether using the NT model 
or the NT island cut-offs on the non-NT model. Islands on the east of the NT are 
predicted to lose the most diversity, both in absolute and percentage terms, with slightly 
higher loss predictions when the non-NT islands model is used. This geographic pattern 
matches the one seen when losses are predicted using the IUCN models but is in 
contrast to the pattern seen when loss is predicted using the all islands model or non-NT 
island model with non-NT model cut-offs. In these situations, the loss is spread much 
more evenly geographically, with the two models showing a similar geographic pattern 
of loss and the all-islands model predicting greater amounts of loss.
The disparity seen in the maps of projected phylogenetic diversity loss under alternative 
scenarios demonstrates that predicted loss is sensitive to the method used. Using the 
IUCN Red List to predict the losses is likely too simplistic (Cardillo et al. 2004) -  
different species react to pressures in diverse ways and so have different levels of 
vulnerability (Wilson et al. 2005). Also, only a minority of the island populations 
represent entire species (which the IUCN Red List rating is based on: IUCN 2001). The 
IUCN rating is therefore not necessarily entirely representative of the island populations 
given they could be subject to different extinction drivers than are present in the rest of 
the species’ range.
Predictions of future phylogenetic diversity loss have a role to play in defining 
conservation hotspots but are not the only factor that should be used (Wilson et al.
2005, Mace et al. 2007). As well as species’ vulnerability, endemicity needs to be taken 
into account. On islands especially, endemic and remnant species need to be prioritised 
for pro-active conservation to avoid loss of these species. For example, the Kangaroo 
Island dunnart (Sminthopsis aitkeni) is endemic to Kangaroo Island, but will result in 
the loss of much less phylogenetic diversity from that island if it goes extinct than will 
the loss of the echidna (Tachyglossus aculeatus). This is due to the greater shared 
evolutionary history between the Kangaroo Island dunnart and the other mammals on 
Kangaroo Island than the echidna and the other mammals. However, the echidna is 
common on the Australian mainland, and present on many islands, while the Kangaroo
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Island dunnart population is the sole representative population of its species, meaning a 
greater global loss of phylogenetic diversity. As such, while projecting phylogenetic 
diversity loss can help pinpoint areas that should be considered for conservation 
priority, global uniqueness of the biodiversity also needs to be taken into account when 
prioritising areas and species for conservation.
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Summary
Globally, elevated extinction risk in mammals is strongly associated with large body 
size. However, in regions where introduced predators exert strong top-down pressure on 
mammal populations, the selectivity of extinctions may be skewed towards species of 
intermediate body size, leading to a hump-shaped relationship between size and 
extinction risk. The existence of this kind of extinction pattern, and its link to predation, 
has been contentious and difficult to demonstrate. Here we test the hypothesis of a 
hump-shaped body size -  extinction relationship, using a database of 927 island 
mammal populations. We show that the size-selectivity of extinctions on many islands 
has exceeded that expected under null models. On islands with introduced predators, 
extinctions are biased towards intermediate body sizes, but this bias does not occur on 
islands without predators. Hence, on islands with a large-bodied mammal fauna, 
predators are selectively culling species from the lower end of the size distribution, and 
on islands with a small-bodied fauna they are culling species from the upper end. These 
findings suggest it will be difficult to use predictable generalizations about extinction 
patterns, such as a positive body size -  extinction risk association, to anticipate future 
species declines and plan conservation strategies accordingly.
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Introduction
The biological selectivity of species decline and extinction offers clues to the relative 
importance of different threatening processes. Recognizing predictable patterns of 
extinction, or particular traits that make species especially vulnerable to different 
threats, presents the possibility of identifying species at potential future risk, and 
planning conservation strategies pre-emptively [1]. In mammals, one of the strongest 
patterns of biological selectivity involves body size: in most comparative analyses of 
mammal extinction risk, larger size is associated with higher risk (e.g. [2-5]). An 
obvious explanation for this association is the negative scaling of life history speed with 
size, leading to lower rates of population growth and recovery [6], and lower population 
densities [6, 7], in larger species. Furthermore, there appear to be synergistic effects 
whereby larger species are more sensitive to a given threatening factor than small 
species [3].
In this context, any exceptions to the expected positive size-risk association are worthy 
of investigation, for two main reasons. First, such exceptions would undermine the 
generality of the positive size-risk association and hence its usefulness for pre-emptive 
conservation planning. Second, such exceptions may point to agents of species decline 
that exert an unusually strong pressure on mammal populations in the lower or 
intermediate parts of the body size distribution. It has been suggested that Australian 
mammals represent a major exception to the positive size-risk relationship. Most 
extinctions and severe declines in Australian mammals have been within an 
intermediate body mass range of 35-5500g, known as the “critical weight range”[8]. 
This corresponds broadly to the preferred prey size range of feral cats and red foxes, 
which are probably responsible for catastrophic declines and extinctions among 
Australian mammals [8]. An energetic explanation has also been offered, which argues 
that medium-sized species have the combined disadvantage of higher energy needs than 
small species and lower mobility than large species [8-10].
However, the existence of a hump-shaped association between size and extinction risk 
in Australian mammals has been contentious. Cardillo & Bromham [11] showed that the
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numbers of extinct and threatened species of 35-5500g are no greater than expected 
under null models, and supported instead a positive size-risk association. Other studies 
have supported the existence of a hump-shaped pattern within restricted geographic and 
ecological subsets of Australian mammals [12-14]. Whether introduced predators drive 
such patterns, however, is difficult to determine. While local eradications of cats and 
foxes have been linked to increases in populations of medium-sized mammals, the role 
of predators in driving a hump-shaped size-risk association across whole assemblages 
has only been inferred from the overlap (or lack thereof) between the distributions of 
mammal species and introduced predators across broad geographic regions [12, 13].
We use a large database of island mammal populations to test the hypothesis that 
introduced predators bias extinctions towards intermediate body sizes. Islands provide 
an excellent system for testing this hypothesis, because they represent, in effect, a large 
set of independent replicate experiments in the exposure of an indigenous mammal 
fauna to exotic predators. If predators exert sufficient pressure on mammal populations 
to generate a hump-shaped size-risk pattern, then on islands with predators we should 
expect the size distribution of extinct species to cluster around an intermediate body size 
within the typical prey-size range of the predators. On islands lacking predators, a 
plausible alternative pattern is that extinctions cluster around body sizes towards the 
upper end of the body size distribution, as expected under the typical positive 
association between size and risk. On all islands, the null expectation is that the body 
size distributions of extinct species are indistinguishable from those of the same number 
of species sampled randomly from the original fauna of each island.
Materials and Methods
Database
Our database includes records of the presence and extinction of 927 populations of 106 
native non-volant mammal species, on 321 Australian islands, together with data on the 
presence of introduced exotic species, species-average body masses, and island
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geographic data. A population is defined as a given species on a given island. Where 
island-specific body mass data were available, these were used in preference to species 
values [15]. The introduced predators we consider are cats, foxes and dingoes. It is 
difficult to distinguish the ecological role of dingoes, established in Australia for several 
thousand years, from feral domestic dogs, so we consider both as “dingoes”. Full details 
of database construction are provided in ref. 16, and the database itself is provided in 
supplementary table S1.
Testing size-selectivity and size-bias of island extinctions
For each island with at least one extinct and at least one extant native mammal species, 
we calculated a test statistic d(,that quantifies the degree of dispersion of extinct species 
body masses (w) around a given body mass value (m):
n
d e =  ^  N 0 I  
i=l
where n is the total number of extinct species. For each island, we found the value of m 
that minimized de, using the “optimize” function in R to search m values across the 
interval 10-20000g. We generated a null model for m by repeating this procedure for 
1000 sets of n species sampled from the original mammal fauna of the island (i.e. extant 
+ extinct indigenous species). Extinctions were considered size-selective if the observed 
m deviated significantly from the null distribution under a 2-tailed test with a = 0.05.
We then examined the direction of the extinction size bias with respect to the body-size 
distribution of the original fauna on each island. We calculated a standardized effect 
size for the extinction size bias as (observed m -  median null m) / standard deviation of 
null m. Plotting the size bias effect size against the mean body size of island faunas 
reveals patterns of size-selective extinction (Figure 1). If extinctions are biased towards 
intermediate sizes, there should be a negative relationship in which the slope crosses 
zero on the y axis (Figure lb).
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Figure 1. Expected patterns of extinction size bias in plots of mean body mass of the 
original mammal fauna of islands against the standardized effect size of extinction size 
bias, (a) extinctions consistent with null model; (b) extinctions biased towards 
intermediate sizes; (c) positive size-extinction association.
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Results
O f the 321 islands in the database, 59 have suffered mammal extinctions, o f which 43 
have at least one extant indigenous species. O f these 43 islands, we found evidence for 
size-selective extinction (observed m null) on 20 islands (Supplementary Table S2).
o o<
Mean body mass of original fauna log(g) Mean body mass of original fauna log(g)
o o
Mean body mass of original fauna log(g) Mean body mass of original fauna log(g)
Figure 2. Observed plots o f mean body mass against extinction size bias. The vertical 
dashed line indicates the upper lim it o f the “ critical weight range”  (35-5500g). Plots are 
shown for (a) all islands with >0 extinctions and >0 species extant; (b) islands on which 
extinctions have been significantly size-biased; (c) islands with at least one o f the three 
large introduced predators (cats, foxes, dingoes); (d) islands without any large 
introduced predators.
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The direction of size-bias in extinctions was divided almost equally, with observed m > 
null on 10 islands and observed m < null on 11 islands. The plot of extinction size bias 
effect size against the mean mass of original island faunas has a negative slope, 
although the association is not significant across all islands (Figure 2a; slope= -7.85, 
p=0.14, d.f.=41). Across islands with size-selective extinctions, however, there is a 
significant negative association (Figure 2b; slopes -2.85, p=0.006, d.f.= 18). Across 
islands with at least one introduced large predator (cats, foxes or dingoes), the 
association is significantly negative (Figure 2c; slope= -1.89, p=0.01, d.f.=24), but non­
significant across islands without any of these predators (Figure 2d; slope=0.3, p =0.51, 
d.f.= 14). In all models, body mass was log-transformed, and we removed one island 
with a studentized residual >60. Since this island had a mean body mass of original 
fauna at the lower end of the x-axis ( 103.5g), removal of this outlier had a conservative 
effect on the models. We tested for spatial autocorrelation in the residuals of the model 
presented in Figure 2a, but found no significant spatial effect on size-bias residuals 
(Moran’s I = -0.038, p=0.68), justifying the use of non-spatial regressions.
Discussion
The immediate causes of extinction are no great mystery -  usually, one or more of the 
“evil quartet” (hunting, habitat loss, introduced species, or coextinctions; [17]). It is less 
obvious why different species respond differently to similar threat types. Large-scale 
comparative analyses have begun to answer this question by showing that numerous 
biological traits mediate the influence of external threats on species’ extinction risk. 
Evidence for some particularly consistent and common relationships, including a 
positive association between body mass and extinction risk, presents the possibility of 
assigning data-deficient species to provisional threat categories, or planning pre­
emptive conservation measures [1]. While the largest mammal species have notable 
disadvantages in the face of human impacts, our results show that medium-sized species 
are likely to be even more vulnerable than large species where exotic predators are the 
primary threat, although this will depend on the size of the key predators in any given
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system. This casts doubt on the universality of a positive association between size and 
extinction risk.
The major novelty of our analysis is twofold. First, data on mammal extinctions for a 
large number of islands, with and without introduced predators, provides a degree of 
replication not found in previous continental-scale analyses (e.g. [11, 12, 14]. Second, 
our tests for extinction size bias are performed with reference to the body size 
distribution of each island’s original fauna, which provides an appropriate null model. 
Although we found a clear difference in extinction size bias between islands with and 
without predators, it is possible that the presence of predators covaries with some 
environmental feature of islands that drives the size bias. However, this seems unlikely. 
We tested the size bias effect size against three island environmental features (area, 
distance from mainland, mean annual rainfall), but none showed significant univariate 
associations, or improved the fit of the models presented in the Results. Our results also 
reject the energetic hypothesis for higher extinction risk in medium-sized species [8- 
10], because under this hypothesis the hump-shaped pattern should also be seen on 
islands without predators. The presence of at least one species of large introduced 
predator therefore appears to be the best explanation for the pattern of extinction size 
bias towards intermediate body sizes.
While the findings of our study support previous claims that medium-sized mammal 
species in Australia have been unusually vulnerable to predator-driven extinction [8,
12], the suggested “critical weight range” of 35-5500g appears to have little biological 
reality. If this range did reflect the zone of elevated extinction vulnerability, we would 
expect the extinction size bias to be close to zero for islands with a mean faunal body 
mass within this range. Instead, these islands tend to have an extinction size bias that is 
highly positive (Figure lc), suggesting extinctions are more frequent for species above 
5500g. This pattern is actually more consistent with evidence for an upper prey size for 
foxes of around 10kg [18]. Dingoes also take prey larger than 5500g [19], but only three 
islands have dingoes as the sole large predator species, making it difficult to distinguish 
their role from that of foxes.
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Summary of major findings
I have shown that a small current geographic range size is not necessarily related to a 
higher extinction risk (chapter 2). This is in contrast to previous work (e.g. Purvis et al. 
2000, Jones et al. 2003, Price & Gittleman 2007, Cardillo et al. 2008) that finds current 
geographic range size to be a strong predictor of extinction risk in mammals. I suggest 
that the relationship between current range size and extinction risk in mammals has 
previously been overestimated, and that small geographic range size is more likely to be 
a response to previous decline than a reliable indicator of future risk. I also 
demonstrated that using current range size when examining drivers of decline can lead 
to underestimation of future risk through calculation of latent risk.
In chapter 3 ,1 showed that torpor is not individually related to extinction in Australian 
mammals when the analyses control for phylogenetic non-independence. Although 
previous work has shown that torpor and extinction are linked (Geiser & Turbill 2009, 
Geiser & Kortner 2010), this is likely due to the phylogenetic clustering of torpor that I 
demonstrated through use of the D statistic. However, when body size is included in the 
models, I found that torpor is related to extinction risk in independent contrasts models 
for all terrestrial Australian mammals. I also showed that while torpor is related to lower 
extinction risk in mammals under threat of predation, there is no significant relationship 
between torpor and extinction risk in groups of mammals that are not recognised as 
having predation as a threat. This is the first study to demonstrate explicitly that torpor 
is a defence against predation (as suggested by Stawski & Geiser 2010).
I examined drivers of island mammal extinctions, including the interactions between 
diferent trophic levels of predators in chapter 4 .1 found that island biogeography 
(through distance from mainland), biological traits of the native species (via body size), 
and predators affect extinction on islands. My finding that cats, red foxes and dingoes 
can suppress black rat populations builds on previous mesopredator suppression work 
demonstrating that dingoes can help control populations of cats and foxes (Letnic et al. 
2012, Moseby et al. 2012) on the Australian mainland, and modelling that demonstrates 
how apex predators can suppress populations of mesopredators (Courchamp et al. 1999).
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This means that exterminating exotic larger predators without first controlling the 
smaller introduced species could lead to rapid native mammal decline through 
mesopredator release (Courchamp et al. 1999).
In chapter 5 ,1 demonstrated that predicted patterns of future loss of island mammal 
phylogenetic diversity are sensitive to the predictive model used. However, certain 
consistencies are seen under all modelled scenarios, including that islands on the west 
of Tasmania, and above the centre of Northern Territory are relatively safe from loss of 
phylogenetic diversity. Conversely, substantial loss of phylogenetic diversity 
consistently occurs on islands in the east of the Bass Strait and the north-east of 
Northern Territory. Examining the extinction drivers I used to predict phylogenetic 
diversity loss, I found that different factors are driving extinctions on Northern Territory 
and non-Northern Territory islands. This extends Fisher et al's (2013) finding that 
different extinction pressures/agents have caused the recent declines in the north of 
Australia than caused the declines in Australia’s south.
Examining whether the body size of extinct species on islands is biased towards smaller 
or larger sizes than expected through chance (chapter 6), I found that approximately the 
same number of Australian islands have had extinctions biased significantly towards 
larger and smaller sizes than random samples. However, extinctions on islands with no 
predators tend to be clustered around approximately the size that would be expected by 
chance while the presence of a larger predator on islands creates an extinction size bias 
towards medium-sized mammals. This partially supports earlier work that suggests that 
the critical weight range effect is driven by cats and red foxes (Burbidge & McKenzie 
1989, Johnson & Isaac 2009, Fisher et al. 2013). While larger predators were found to 
drive mid-sized extinctions, I found that predation pressure occurred on species up to 
10kg, rather than stopping at the critical weight range upper limit of 5.5kg (Burbidge & 
McKenzie 1989).
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Relevance of the results beyond Australia
Despite the focus of this thesis being Australian mammals, the findings reflect general 
extinction processes that are of broader, global relevance. Australia can be argued to be 
a special case in worldwide mammal extinctions and declines, due to our recent (post- 
European settlement) large declines, and the main driver of declines being introduced 
predators (Johnson 2006). However, if we understand the processes driving Australia’s 
large declines, other countries will gain valuable information to help limit their own 
mammal declines. Also, Australia is not alone in having introduced predators threaten 
our native species. For example, numerous islands have had native rodents decimated 
by introduced species such as cats (Nogales et al. 2004), and even on continents, 
introduced species have had severe impacts on native mammals (e.g. the American 
mink (Mustela vison) predates on native mammals in Europe: Bonesi & Palazon 2007). 
My findings that involve predation therefore have broad applicability, e.g. the finding 
that torpor reduces extinction risk of mammals threatened by predation may help 
explain the variation in population decline of different species in other regions where 
exotic predators exert a strong effect. Likewise, my finding that large predators can 
drive extinctions in particular weight ranges should be applicable anywhere that has 
introduced predators that have enough food sources to be able to concentrate on 
preferred prey sizes. This is despite Australia being the only known country that has 
intermediate sized mammals, rather than larger mammals, at the greatest risk of 
extinction (e.g. Burbidge & McKenzie 1989, Johnson & Isaac 2009).
My work on predator interactions on islands is relevant to global areas where multiple 
trophic levels of predators are present. Its demonstration that multiple types of larger 
predators can have a positive impact on native species through suppressing smaller 
introduced species shows that ecosystems do not recognise whether the apex predator is 
native or introduced; rather, it is the role that the apex predator undertakes that is 
important in protecting native species from decimation from smaller introduced species. 
As such, it has relevance in areas that contain multiple trophic levels of predators, 
whether they are introduced or native species. This finding is also likely to be relevant 
to other vertebrate groups that suffer from predation, e.g. birds (Blackburn et al 2004).
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I proposed that the reason current range size is likely a response to previous threats 
rather than a trustworthy indicator of future risk is because widespread introduced 
predators, such as red foxes and cats, are the main driver of decline in Australian 
mammals (Johnson 2006). This finding has relevance to studies of extinction risk in all 
taxa that are affected by widespread predation, not just mammals. This is because 
geographic range size has previously been found to be strongly associated with 
extinction risk in many taxa, e.g. birds (Lee & Jetz 2011). Until studies are done 
proving that it does not apply in situations where predation is only one of many 
extinction drivers, it should at least apply as a caution that current range size is not 
necessarily an accurate or useful risk predictor.
Relevance of results for conservation planning and practice
Comparative extinction studies need to include conservation recommendations or 
predictions of areas and/or species that are likely to decline to be useful in conservation 
work (Cardillo & Meijaard 2011). The broad aim of my thesis was to provide 
information that would aid mammal conservation through recommendations that could 
improve conservation practice. However, while much of my work easily translates to 
conservation recommendations, other sections are harder to translate into practical 
suggestions.
One significant finding in my thesis has been demonstrating the role that predator 
interactions play in mammal extinctions. Conservation programs often aim to eradicate 
any introduced species without regard to the possible effects of trophic cascades. 
However, my thesis shows that extinction is a complicated process. Just as single factor 
studies of extinction risk are likely to miss out on important interactions in the factors 
driving extinction, it is likely that single factor conservation practices will do the same, 
possibly resulting in unexpected consequences. For example, my work shows that 
eradicating just the apex predator could actually cause the extinction of mammal 
populations on islands through mesopredator release. As such, it is recommended that 
eradication of introduced apex predators and mesopredators are performed
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simultaneously. Studies should always be carried out before eradication of introduced 
species to determine possible effects on native species caused by trophic responses such 
as increase in mesopredator populations (Courchamp et al. 2011).
In Australia, critical weight range (CWR) species have been regarded as more 
vulnerable than other species due to their size (Burbidge & McKenzie 1989, Johnson & 
Isaac 2009, Fisher et al. 2013). However, there seems to be little biological reality in the 
35-5500g size range. Non-volant mammals should not be regarded as likely to decline 
simply because they are in the CWR size range of 35 to 5500g (Burbidge & McKenzie 
1989). My work shows that where there are larger predators on islands (cats, red foxes 
and/or dingoes), extinctions are driven towards mid-sized species (up to approximately 
10kg). This extinction size bias does not occur on islands without the larger predators. 
Therefore, medium-sized mammals (including those above the CWR upper limit of 
5500g) should only be regarded as at higher risk of extinction when in the presence of a 
larger predator. Overall, larger species are more susceptible to extinction, and should be 
regarded as being at greater risk when there is no larger predator on the island, 
especially on islands further from the mainland. Species under 2.7kg, on the other hand, 
should have their risk levels determined through information on introduced species on 
the island. Small species on islands with black rats but no larger predator are at greater 
risk than those on islands without black rats, or on islands with black rats and a larger 
predator.
The ability to undertake torpor should also be taken into account when determining 
extinction risk of species under threat of predation, and in smaller species. The ability to 
undertake torpor aids mammal survival in these situations, while not being as important 
for mammals that are not vulnerable to predation. As such, I suggest that mammals 
prone to predation that do not undertake torpor should be regarded as higher risk of 
extinction than those that do undertake torpor.
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Relevance of results to taxa other than mammals
The conservation findings in my thesis should be considered when conserving taxa 
other than mammals. Small geographic range size is related to higher extinction risk in 
multiple taxa, e.g. amphibians (Cooper et al 2008; Sodhi et al 2008). It is therefore 
possible that my finding that smaller geographic range is a response to decline, rather 
than always being a predictor of extinction risk, is also relevant to non-mammalian taxa. 
It is possible it will be most applicable to taxa where both small geographic range size is 
linked to higher extinction risk, and the species are under threat of predation.
Predation is a significant driver of extinction in taxa other than mammals (e.g. birds and 
amphibians: Blackburn et al 2004; Cooper et al 2008), especially on islands (Blackburn 
et al 2004). However, broadscale analyses of trophic cascades and apex-mesopredator 
interactions in relation to extinction risk have not been performed for non-mammalian 
taxa. It is likely that findings such as the survival of native species being greater when 
there are both apex predators and mesopredators in the area, as opposed to just 
mesopredators, would also apply to non-mammalian taxa that suffer from predation. As 
my research showed, it is the role of the predator, rather than whether or not it is native 
that is important. This finding could therefore be applicable in areas with combinations 
of native and introduced predators. It is also possible that my finding that larger 
predators drive size-biased extinctions could apply to non-mammalian taxa threatened 
by predation, especially in closed ecosystems like islands. The extinction risk drivers 
identified in my thesis should be considered when examining causes of decline in 
vertebrate taxa. They are likely to provide guidance when making recovery plans to 
help threatened populations become more secure and less at risk of extinction.
Future directions
In the scientific tradition, my work has raised more questions than it has answered. My 
study on the use of current range size being circular (chapter 2) needs to be extended to 
determine whether the finding only applies where introduced species are the primary
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threat factor, or whether it also applies in areas that have suffered mammal declines due 
to other impacts, such as habitat loss. It would also be interesting to determine the 
relevance for other taxa where higher extinction risk has been found to be correlated 
with a smaller geographic range, e.g. whether it applies only to groups that are known to 
be negatively affected by predation, or whether it applies in all taxa that demonstrate the 
negative extinction risk -  geographic range association. This will help to determine how 
broadly applicable it is that use of current geographic range size in extinction risk 
studies is circular.
My predator interaction finding (chapter 4) also raised many questions. It would be 
interesting to examine the influence of vegetation cover on islands on predator 
interaction. Greater vegetation is believed to lower the effectiveness of fox and cat 
hunting (Johnson & Isaac 2009). As such, I would like to examine whether this affects 
the level of suppression that dingoes, red foxes and cats can exert on smaller introduced 
species such as black rats. It would also be interesting to see how the presence of larger 
predators on islands impacts both the eradication and establishment of smaller 
introduced species. Given that I found that larger predators drive size-biased extinctions 
(chapter 6), I would also like to examine whether smaller predators/competitors can 
drive size-biased extinctions. This would be interesting, as I have demonstrated that 
black rats have a negative effect on mammal survival across a range of sizes (chapters 4 
and 5); however, it seems logical that the effect would be concentrated in smaller 
species. Cats and black rats are also known to negatively affect bird survival (Fitzgerald 
1988, Dickman 1996, Jones et al. 2008, Loss et al. 2013). As such, I would like to 
examine whether size-biased extinctions occur in birds in areas where the major 
predators are cats or black rats, or whether a hump-shaped relationship between 
extinction risk and body size is only present in mammals.
Climate change is a current and future threat for many species. Over the last one 
hundred years, the average surface temperature of earth has increased by approximately 
0.8 degrees Celsius (Hughes 2003; Welbergen et al 2008). It is predicted that 
temperatures will continue to rise, with average temperature increasing between 3 and 6 
degrees Celsius, and extreme weather events occurring with greater frequency (Hughes
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2003; Brook et al 2008; Welbergen et eil 2008). Changes in temperature and 
precipitation are likely to alter the geographic range in which each species can exist 
(Hughes 2003; Brook et al 2008). Climate change could also indirectly affect mammals, 
through climate changes interacting with how the native mammals respond to other 
threatening processes. As such, it is important to examine both the likely direct and 
indirect effects that climate change will have on mammals to determine how they will 
be affected (Brook 2008; Keith et al 2008; Brook et al 2009).
Combining extinction risk studies such as those in this thesis with ecological niche 
modelling will allow predictions to be made for species survival under different 
scenarios of climate change. Incorporating dispersal ability would make the models 
more resilient, and give better predictions of where species will survive in the future, 
giving more information about how species will fare in the future. Identification of the 
species most at risk in the future, and geographic areas that will need to be protected to 
aid these species’ survival, will allow pre-emptive conservation to occur. Undertaking 
similar modelling for species that influence native species survival, e.g. introduced 
predators, will allow recognition of whether the native species are likely to be affected 
by these species in the future due to range overlap. Present conservation information, 
such as species having a greater chance of survival in areas with both mesopredators 
and apex predators, rather than just mesopredators, will be invaluable combined with 
these predictions to aid survival of species threatened by climate change.
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